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Dankwoord 
Met de voorverdediging achter de kiezen en de publieke verdediging in het vizier rest me het 
plezier om mijn entourage vanuit de grond van mijn hart te bedanken. Na een dikke 4 jaar kan ik 
intussen mijn eigen definitie van doctoreren formuleren:   
‘het proces van herhaaldelijk vallen en opstaan, van teleurstellingen afgewisseld met kleine 
succesjes, om na veel geworstel dan toch de eindmeet te bereiken, en met een voldaan gevoel en 
een rugzak vol ervaring en kennis terug te blikken. Essentieel om te slagen: de achterban.’ 
Deze mensen wil ik nu heel graag in de schijnwerpers plaatsen.  
Prof. Dr. Magda Vincx en Dr. Tim Deprez, jullie ontkiemden mijn passie voor mariene biologie. 
Jullie Erasmus Mundus programma voor Mariene Biodiversiteit en Conservatie bracht me over 
de landsgrenzen heen in contact met boeiende, geëngageerde wetenschappers, met als gemene 
deler hun liefde en fascinatie voor het mariene leven in al zijn vormen. Ik heb dit zó gesmaakt 
dat een doctoraat het logische vervolg leek. 
Een welgemeende dank u wel gaat uit naar mijn promotor Prof. Dr. Marleen De Troch en co-
promotor Prof. Dr. Ann Vanreusel.   
Marleen, jij besmette me met de ‘copepode-microbe’, allereerst door me te gidsen doorheen de 
taxonomische wirwar van poten, segmenten en setae, als deel van mijn thesis (mede onder de 
hoede van Lillian Nduku Daudi). Aansluitend kwam het voorstel om hun vetzuurmetabolisme 
te ontrafelen, wat resulteerde in dit doctoraat.   
Ann, niettegenstaande dat je verderaf stond van dit onderwerp, zorgde je ervoor dat ik 
onderzoek kon verrichten op het ‘witte continent’. Het verblijf op de Antarctische basis groeide 
uit tot een onvergetelijke en unieke ervaring. Daarnaast kon ik steeds bij je terecht en gaf je me 
DANKWOORD 
ii 
 
de ruimte om dit doctoraat in alle rust af te werken.   
Marleen en Ann, bedankt voor jullie energie, de goede begeleiding en het vertrouwen.  
I would like to thank the chairman Prof. Dr. Adriaens and all the members of the jury: Dr. Gritta 
Veit-Köhler, Dr. Katja Guilini, Dr. Gilles Lepoint, Prof. Dr. Koen Sabbe and Prof. Dr. ir. Pascal 
Boeckx. Your critical eye and constructive remarks improved this work substantially, thank you 
for investing your precious time and energy in this PhD research. 
De (soms zware) last van het doctoreren draag je bij de Mariene Biologie niet alleen en dit 
dankzij een kader van fantastische mensen: 
Niels, symbolisch gezien start ik met jou, aangezien alle experimenten begonnen met het 
verzamelen en versleuren van modder. Menig passant moet gedacht hebben dat er in die Paulina 
gracht een verborgen schat lag. Bedankt voor je hulp en leuk gezelschap. Ik wens je alle succes 
toe met je verdere plannen! 
Bart B., ook een dikke dankjewel naar jou toe, niet alleen voor de koolstofanalyses, maar ook 
voor je warme persoonlijkheid. 
Annick, ik bewonder je opgewektheid, je praktische ingesteldheid en efficiëntie. Samen met 
Isolde, loodste je me meermaals doorheen de nodige administratie. Isolde, ook naar jou toe een 
speciaal woord van appreciatie, voor je geduld en goed advies telkens ik je bureau 
binnenwandelde. 
Guy, alhoewel je me meermaals hielp met computer of ‘bino’ problemen, heb ik je pas echt beter 
leren kennen tijdens onze trip naar Bremerhaven. Wat eigenlijk een makkie moest worden (wat 
stalen oppikken), kende een depannage als intermezzo. Even ter verduidelijking, dit lag 
geenszins aan de chauffeur . Wat was ik toen opgelucht dat je ons veilig op de pechstrook 
kreeg en vervolgens alles zo koelbloedig hielp oplossen. Deze avontuurlijke, doch plezante 
uitstap zal me altijd bijblijven. Dank u! 
Dirk, woorden schieten me tekort om te beschrijven wat je voor mij betekent. Zonder je talrijke 
schouderklopjes, de peptalks, de goeie raad en de fijne babbels zou ik er al meermaals de brui 
aan gegeven hebben. Het was zo’n groot genoegen, een plezier en een eer om van jou te mogen 
leren. Ik kan je niet genoeg bedanken. Met je naderend pensioen, wens ik je een heerlijke, 
nieuwe periode toe. Ik hoop dat het contact blijft, maar wees gerust, die kleine beestjes laat ik 
voortaan achterwege. 
Jürgen, de babbeltjes in de gang en je oprechte interesse hebben me altijd veel plezier gedaan. 
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Aan de PAE-collega’s Ilse, Olga en Tine, ook een dikke merci! Jullie hebben zonder twijfel 
bijgedragen aan het succes van mijn labo werk. Jullie flexibiliteit, vriendelijkheid en hulp hebben 
veel voor mij betekend. 
Miranda, ik heb genoten van je vrolijkheid en aanstekelijke lach tijdens de practica op de 
Ledeganck. Bedankt om alles steeds in goeie banen te leiden. 
Prof. Dr. Tom Moens, ook een oprecht woord van dank aan jouw adres. Je beschikbaarheid en 
goed advies heb ik heel erg geapprecieerd. Bedankt!  
I also want to thank all my other colleagues of the MarBiol group. I really enjoyed your 
entertaining talks during coffee and lunch breaks, the jokes in the corridor and your 
inventiveness for organizing after-work parties. With some of you I traveled to conferences in 
Granada and Olhão. Your company made these research trips extra enjoyable. Thank you!  
To each one of you, whether you just started your PhD adventure, whether you are near the 
finish or involved in postdoc research or in the coordination of scientific projects, I wish you all 
the best with your future plans! Lidia and Christoph, we end this adventure cheek by jowl. 
Congrats! We did it! 
In the first year of the PhD, I had the opportunity to perform research in Sweden. Peter and 
Gunnar, thanks to your guidance and hospitality, this research stay became a great experience.  
Annegret, Manuel, Bernd and Urban, we were all ‘Antarctica-virgins’ when we met for the first 
time in 40 degree-Buenos Aires. Your pleasant company, also below zero, made the research 
stay in Potter Cove unforgettable. I cherish the memories of spotting whales together, having the 
Saturday ‘pizza-Cumbia’ evenings and playing Ping-Pong tournaments. Tobias and Benjamin, I 
also enjoyed your company very much, although your arrival impaired my Ping-Pong ranking 
substantially. Dolores, Gastón and Lucas, thank you for sharing your experience and for making 
me feel at home as soon as I set foot on the basis.  
Samuel, dankzij jou kende mijn ‘compound-specific’ avontuur een happy end. Het was heel fijn 
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voor je enthousiasme en om, tussen de vele andere verplichtingen door, je ook met mijn 
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cooking skills) made me forget them and made these four years extra special! It was a pleasure 
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Oma, wat is het toch jammer dat opa zoveel gemist heeft. Opa, die met zijn groene vingers en 
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van hem mee. Ik denk dat hij héél trots geweest zou zijn op zijn kleinkinderen.   
DANKWOORD 
v 
 
Meme en pepe, ik moest afscheid nemen van jullie de afgelopen 4 jaar. Het gemis is er nog 
steeds, maar terzelfdertijd brengt het ook heel mooie herinneringen naar boven. Ik blijf die 
dankbaar koesteren. 
Mama, papa en Griet, jullie zorgen ervoor dat het opstaan, na het vallen, makkelijker gaat en de 
teleurstellingen ook sneller verdwijnen. Zonder jullie zou ik nergens staan. Ik zie jullie héél 
graag. Lieve zus, deze zomer zal je samen met je schat Sander een nieuw hoofdstuk inluiden. Ik 
kijk uit naar al het moois dat jullie toekomst ongetwijfeld brengt! 
Marc, Mieke en ‘Selder’, tijdens dit doctoraat ben ik bij jullie in een tweede warm nest terecht 
gekomen. Dat dit ook nog eens aan de zee bleek te zijn, is een mooie bonus! De gezellige 
weekendjes en uitstapjes, ook bij de familie in Antwerpen, zorgden ervoor dat ik mijn batterijen 
steeds weer kon opladen. Dank jullie! 
Liefste Bert, wat prijs ik me toch gelukkig met jou. Een dikke 4 jaar geleden heeft één druk op de 
deurbel ons verbonden. Dat we toen allebei aan de start van een doctoraat stonden, jij in de 
fysica en ik in de biologie, leek (g)een toeval. Jouw steun, luisterend oor en kennis brachten me 
tot aan de eindmeet. Ik kijk enorm naar je op, niet alleen wat betreft je wetenschappelijke 
capaciteiten, maar ook je visie op het leven en je avontuurlijke projecten. Mijn leven is zoveel 
rijker met jou aan mijn zij. Ik zie je graag. Hoog tijd om dit doctoraat af te sluiten, de fiets op te 
springen en een nieuw avontuur tegemoet te rijden!   
Let’s get started! 
Eva 
November 2016,  
Gent
 
 
vii 
 
Summary 
Ecosystem energy flow originates at the basis of the food web, where solar energy and inorganic 
compounds are transformed into primary production biomass. The latter is grazed upon by first-
level consumers and ultimately sustains higher trophic levels at top of the food web. Alterations 
in ecosystem productivity and species composition, termed ‘ecosystem trophic dynamics’, have 
intrigued ecologists since long. Especially the phenomenon of ‘trophic uncoupling’ in aquatic 
systems, i.e. low zooplankton production despite high phytoplankton standing stocks, suggested 
that not only the quantity of primary production but also its quality determines the trophic 
transfer at the plant-animal interface. The presence of particular fatty acids (FAs) was found to 
improve food quality considerably and nowadays, they are recognized as important food quality 
determinants.   
FAs are the building blocks of membrane and storage lipids and thus, fulfill not only a structural 
role in the cell membrane, e.g. by maintaining optimal membrane ‘order’ under fluctuating 
temperatures, but also act as providers of metabolic energy. Moreover, the highly unsaturated 
FAs arachidonic acid (ARA, 20:4ω6), eicosapentaenoic acid (EPA, 20:5ω3) and docosahexaenoic 
acid (DHA, 22:6ω3) are involved in important physiological processes which guarantee optimal 
functioning of organisms. Especially EPA and DHA are considered to be essential dietary 
constituents for most consumers. Their ‘essentiality’ arises from their unique metabolic role, 
which stands in sharp contrast with the consumer’s limited potential for their synthesis. 
Consequently, most consumers strongly rely on FAs of dietary origin to fulfill their metabolic 
requirements. Altogether, particular FAs originating in the lowest trophic levels have the 
potential to regulate energy flow and to affect ecosystem structure and function, with 
consequences for the human consumer through the fish that ends up on his plate.  
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Copepods (Crustacea, Copepoda) are important first-level consumers and have first-hand access 
to a diverse range of dietary FAs, as virtually all FAs stem from algae. Due to their trophic 
position, worldwide occurrence and FA modification capabilities, copepods can be considered 
pivotal FA (energy) conveyors from primary producers to higher trophic levels. However, the 
quantity and quality of dietary FAs fluctuate and, together with environmental temperature, 
burden copepods with the daunting task of regulating their FA dynamics, not only in terms of 
their energy budget (storage FAs), but also their physiological condition (membrane FAs). 
Understanding when, why and how these responses occur in copepods, i.e. the utilization, 
retention, accumulation and modification of dietary FAs, can thus significantly improve our 
understanding of food web structure and function.  
Consequently, the consumer’s biochemical (FA) traits are indicative of the food regime and 
ultimately, underpin its life-history strategy. This has been particularly well-demonstrated for 
planktonic copepods (order Calanoida) inhabiting distinct oceanic regimes across the latitudinal 
scale. Whether benthic copepods (order Harpacticoida) show similar underlying FA mechanisms 
as an adaptation to their particular habitat is unclear and this was the prime research question 
of this doctoral thesis. Previous work suggested their advanced capability for the synthesis of 
EPA and DHA, and thus trophic upgrading, in contrast to their planktonic counterpart, which 
makes them even more appealing study organisms. Eventually, characterization of their ‘FA 
repacking potential’ is pressing in the face of climatic warming, which is expected to affect 
consumers not only directly through an altered thermal regime, but also indirectly by a modified 
primary production. In particular, concerns on the timing of blooms and the biochemical make-
up of algae have been expressed.  
To this purpose, copepods were exposed to varying diet-temperature conditions in a laboratory 
setting and their membrane and storage lipids were separately screened for the FA composition. 
The two overarching objectives of this PhD research were (1) to compare the lipid (FA) 
characteristics of harpacticoids from contrasting environments (polar versus temperate) 
and (2) to investigate specific FA mechanisms, i.e. FA utilization and retention, 
accumulation and modification, that shape the FA profile of a temperate harpacticoid 
copepod (Platychelipus littoralis) and possibly allow for successful exploitation of its 
habitat.  
As a prologue, chapter 2 focused on the small, neritic calanoid copepods Acartia tonsa and 
A. clausi with the aim of comparing their capability for thermal acclimation, as indicated by 
alterations in their membrane FA composition. The ecological interest lies in the colonization of 
several European estuaries by the invader Acartia tonsa, potentially driven by increased ocean 
temperatures, and thereby raising pressure on autochthonous copepod communities, which 
includes A. clausi. A. tonsa showed the strongest alterations in membrane FA composition, which 
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potentially reflect its more eurythermal character.   
The other chapters of the PhD are devoted to the FA dynamics of harpacticoid copepods and 
contribute to the two main objectives. First, the lipid characteristics and FA signatures of 
Antarctic (chapter 3) and temperate harpacticoid species (chapters 4, 5 and 6) were compared 
and interpreted in the light of their natural food-temperature regimes. In particular, consumers 
in polar ecosystems face cold, stable temperatures with a very short primary production peak in 
summer, while temperate species are exposed to a broad temperature range and experience a 
primary production that is less seasonally-pulsed. To this purpose, Antarctic harpacticoid 
species that live in association with macroalgae (Alteutha potter, Alteutha sp. and Harpacticus 
sp.) and the sediment (pooled endobenthic sample), were collected during the summer 
campaign 2013-2014 in Potter Cove and Península (King George Island, South Shetland Islands), 
and were screened for their FA composition. Their highly diverse storage FA profiles suggested 
the occupation of different trophic niches, potentially reflecting their specific life-styles i.e. 
endobenthic, epiphytic with (Alteutha spp.) or without (Harpacticus sp.) frequent water column 
excursions. Moreover, prevalence of biosynthesized ω7 long-chain monounsaturated FAs (LC-
MUFA) in Harpacticus sp. and ω9 in Alteutha spp. further suggested adaptations to particular 
habitats in polar ecosystems, as different dietary precursors 16:1ω7 (microphytobenthos, 
epiphytic diatoms) or 18:1ω9 (flagellates) fuel these elongation pathways. In contrast to our 
expectations, polar harpacticoids did not feature exceptionally high storage FA levels compared 
to the range observed in the temperate harpacticoid copepod (chapters 4, 5 and 6). The 
presence of ω7/9 LC-MUFA was distinctive for polar harpacticoids, and likely resulted from de 
novo synthesis by the copepod or from the modification of dietary precursor FAs. The extent to 
which these products function as energy providers during winter still remains to be confirmed, 
as they occurred only in trace amounts. Another peculiarity of polar harpacticoids were their 
membranes that were rich in polyunsaturated FAs, possibly reflecting a basic physiological 
adaptation to cold environments. Altogether, the biochemical (FA) traits in polar harpacticoids, 
i.e. their storage and LC-MUFA content, were not indicative of a highly-pulsed food environment 
as observed for particular herbivorous calanoid copepods. Consequently, this suggests that the 
benthos experiences primary production less pulsed in this extreme environment. One should 
notice, however, that this conclusion emerges from restricted sampling in time (austral 
summer), copepod species and limited molecular detail of the lipid species.  
The second objective of this PhD research was to investigate different FA mechanisms that 
permit harpacticoids to thrive in their particular environment. To this purpose, a temperate, 
intertidal harpacticoid copepod with an epibenthic lifestyle (Platychelipus littoralis, 
Westerschelde estuary, the Netherlands) was chosen as test organism. Fluctuations in FA 
content and composition possibly result from the temperature-mediated processes of FA 
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utilization and retention, accumulation and modification. Consequently, these different 
processes were investigated under cold (4 °C), optimal (15 °C) and elevated (24 °C) 
temperatures.   
Chapter 4 investigated how FAs associated with the structural and storage lipids of copepods 
were affected by incubation temperature, and the availability of mono and mixed diatom diets. 
The harpacticoids successfully coped with the temperature extremes (4 and 24 °C) through a 
higher proportion of unsaturated FAs in membranes after cold exposure (6% difference) as well 
as EPA (5% difference), and a shift to shorter chain FAs (16:0/ 18:0 ratio). These responses 
likely safeguarded optimal membrane ‘order’ (homeoviscous adaptation). The strongest 
depletion in reserve lipids, to only 20% of the original level, occurred when copepods were 
offered a mono diet at 24 °C. Furthermore, this coincided with a reduced nauplius abundance. 
Possibly reallocation of energy from reproduction into basal maintenance occurred. For a rather 
immobile species, which is directly affected by the dynamic conditions of the intertidal, in terms 
of temperature and available resources, thermal adaptation and flexible energy reallocation are 
of crucial importance.  
In chapter 5 harpacticoids were subjected to an increasing period of famine (3, 6 and 14 days), 
as to inform on two aspects of FA utilization; (1) the degree of storage FA depletion and (2) the 
selectivity of FA utilization and thus also the retention of particular (essential) FAs. These 
responses were studied at different temperatures and thus, provided additional information on 
the temperature-dependency of FA utilization. In turn, this informed on the capacity of 
harpacticoids to regulate their FA use according to the environmental temperature. Bulk 
depletion of storage FAs occurred already within the shortest timeframe (3 days) at 4 and 15 °C 
(80 and 90%), with the most selective use in the latter. Unexpectedly, FA utilization was 
restrained under 24 °C, which possibly suggested a switch to (partial) anaerobiosis. DHA was 
selectively retained in the membranes at the expense of EPA, a trend that became increasingly 
apparent with starvation time. Copepod mortality was not closely coupled with the storage FA 
content, but rather coincided with the disappearance of DHA from the harpacticoids’ 
membranes after 14 days of heat-exposure. Storage FAs had an important role in the short-term 
response of copepods to food deprivation and were selectively metabolized at the individual FA 
level. Possibly, the controlled use of FAs allows copepods to cope with (short) periodes of food 
stress in their intertidal habitat.  
Chapter 6 focused on the processes of FA accumulation and modification. In particular, 
harpacticoids were starved for 3 days at 15 °C in order to deplete their storage FA content 
substantially (based on chapter 5), and were refed with low (chlorophyte, Dunaliella tertiolecta) 
and high (diatom, Thalassiosira weissflogii) quality food under 4, 15 and 24 °C for 6 days. In 
contrast to T. weissflogii, D. tertiolecta is devoid of highly unsaturated FAs which includes ARA, 
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EPA and DHA, and only contains substantial amounts of their precursor FAs, 18:2ω6 and 
18:3ω3, hence its lower nutritional quality. 13C-labeling of both algae allowed to estimate the 
assimilation of both food sources by the harpacticoids under different temperatures. Of central 
interest was the resilience of both membrane and storage FA pools, and the role of food quality 
in this recovery process. Moreover, SI probing of ARA, EPA and DHA in harpacticoids refed with 
D. tertiolecta yielded insight into their ability for ARA, EPA and DHA synthesis under different 
temperatures, and the incorporation of the synthesized products into structural or storage 
lipids. Synthesis of EPA, DHA and ARA by the harpacticoids increased with temperature, with 
factors 2, 5 and 12, respectively, as observed between the temperature extremes (4 and 24 °C). 
The structural lipids appeared the main incorporation site. Despite this capability, no FA 
accumulation (recovery) of membrane or storage lipids was observed, even in the presence of 
high quality food. These findings suggested substantial FA turnover, and thus the need for the 
membrane constituents EPA and DHA, especially under heat stress. Copepod mortality was 
highest with a low quality diet offered at elevated temperature. Therefore, it is questionable 
whether the harpacticoids will be able to cope with the reduced supply of essential ω3 FAs, as 
predicted under global warming, given that the physiological need for these essential 
compounds likely increases with temperature.  
The plethora of diet-temperature conditions throughout these chapters represents a stress 
gradient ranging from no (or minor) stress (chapter 4), over the refeeding treatments 
(chapter 6), to the most extreme stress experienced under food deprivation (chapter 5). General 
FA responses emerged in both membrane and storage pools and suggested that FAs may operate 
as biochemical stress indicators, informing on membrane competency and nutritional status 
(chapter 7). First, stress increased the DHA/ EPA ratio in the harpacticoids’ structural lipids, 
indicating the higher essential value of DHA compared with EPA. Second, stress evoked high 
variation in FA composition among replicated copepod units (herein ‘intra-specific variability’). 
This response occurred first in the storage lipids, and with increasing stress eventually also in 
the membrane lipids. Possibly, important membrane processes became dysfunctional with 
increased copepod mortality as a result. In addition, stress reduced the storage FA content 
substantially. Storage FAs operate as fuel for metabolic maintenance and likely provide replacer 
FAs for phospholipid turnover, especially under stress. This explains why their dynamics 
appeared more ‘uncoupled’ to mortality compared to the membrane FAs.  
Throughout this work, FAs were studied in association with membrane and storage lipids, 
providing a first strategy in the identification of biochemical (lipid) adaptations to a particular 
environment. Nonetheless, lipids are a diverse molecular group, and so may be their function. 
Therefore, application of more advanced analyses, thereby linking high molecular detail of the 
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lipid species to their tissue (and even subcellular) location, are likely to accelerate our 
understanding of FA dynamics and their implications for biochemical ecology. 
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Samenvatting 
De energiestroom door een ecosysteem vindt zijn oorsprong aan de basis van het voedselweb 
waar zonne-energie en anorganische moleculen worden omgezet in primaire productie. Deze 
biomassa wordt begraasd door consumenten van het eerste trofische niveau, en ondersteunt 
dus ook indirect de hogere trofische niveaus aan de top van het voedselweb. De veranderingen 
in de productiviteit en de soortensamenstelling van een ecosysteem, de zogenaamde ‘trofische 
dynamiek van het ecosysteem’, intrigeren ecologen reeds geruime tijd. Vooral het fenomeen van 
‘trofische ontkoppeling’ binnen aquatische ecosystemen, meer bepaald de beperkte 
aanwezigheid van zooplankton ondanks de ruime hoeveelheid fytoplankton, suggereert dat niet 
alleen de hoeveelheid maar ook de kwaliteit van de primaire producent bepaalt in welke mate 
de trofische transfer van planten naar dieren efficiënt verloopt. De aanwezigheid van bepaalde 
vetzuren bleek een sleutel tot het verhogen van de voedselkwaliteit en tegenwoordig staan ze in 
de schijnwerpers als belangrijke kwaliteitsindicators.   
Vetzuren zijn de bouwstenen van lipiden (vetten), die op hun beurt deel uitmaken van 
celmembranen of opgeslagen worden als energiereserves. Vetzuren vervullen dus niet alleen 
een structurele rol in de celmembranen, o.a. door het reguleren van de optimale 
membraanfluiditeit in functie van de omgevingstemperatuur, maar voorzien de cel ook van 
metabolische energie. Bovendien zijn bepaalde meervoudig-onverzadigde vetzuren 
arachidonzuur (ARA, 20:4ω6), eicosapentaeenzuur (EPA, 20:5ω3) en docosahexaeenzuur (DHA, 
22:6ω3) betrokken in belangrijke fysiologische processen die noodzakelijk zijn voor het 
optimaal functioneren van een organisme. Vooral EPA en DHA worden beschouwd als essentiële 
voedselbestanddelen voor de meeste consumenten. Hun unieke rol in het metabolisme 
enerzijds, en het beperkt potentieel van de consument voor hun synthese anderzijds, dragen bij 
tot hun essentiële voedingswaarde. Bijgevolg zijn de meeste consumenten dus sterk afhankelijk 
van de vetzuren in hun voedsel om te voldoen aan hun metabolische vereisten. Dit in acht 
SAMENVATTING 
xiv 
 
genomen, hebben bepaalde vetzuren die ontstaan in de laagste trofische niveaus, het potentieel 
om de energiestroom te reguleren en zo de structuur en de functie van een ecosysteem te 
beïnvloeden. Op die manier wordt ook de mens geconfronteerd met de gevolgen, via de vis die 
op zijn bord eindigt. 
Copepoden (Crustacea, Copepoda) zijn belangrijke consumenten van het eerste trofische niveau 
en voeden zich voornamelijk met algen. Ze hebben dus directe toegang tot diverse vetzuren, 
aangezien de meeste vetzuren in het voedselweb hun oorsprong vinden in algen. Copepoden zijn 
een bepalende factor voor de doorstroom van energie (en vetzuren) van primaire producenten 
naar de hogere trofische niveaus, omwille van hun trofische positie, hun wereldwijd voorkomen 
en hun capaciteit om vetzuren te modificeren. Aangezien zowel primaire productie (de 
hoeveelheid en kwaliteit), alsook de omgevingstemperatuur variëren, moeten copepoden hun 
vetzuurdynamieken afstemmen, zowel op het vlak van energiebudget (reservevetzuren) alsook 
hun fysiologische conditie (membraanvetzuren). Ontrafelen wanneer, waarom en hoe deze 
veranderingen gebeuren in copepoden, en meer bepaald het verbruik en behoud, de accumulatie 
en modificatie van vetzuren, zal onze kennis over de structuur en de functie van de mariene 
voedselwebben versterken.   
Dit betekent ook dat de biochemische (vetzuur) kenmerken van de consument getuigen van het 
voedselregime en finaal, zijn overlevingsstrategie onderbouwen. Dit bleek duidelijk uit 
onderzoek naar planktonische copepoden (orde Calanoida) die specifieke aanpassingen 
vertonen naargelang hun habitat. De vraag blijft of benthische copepoden (orde Harpacticoida) 
gelijkaardige vetzuurmechanismen vertonen, als een adaptatie aan hun specifieke habitat en dit 
vormde de centrale onderzoeksvraag van dit proefschrift. Vorig onderzoek suggereerde het 
potentieel van benthische copepoden voor de aanmaak van EPA en DHA, wat contrasteert met 
de beperkte capaciteit van hun planktonische tegenhangers. Dit maakt hen natuurlijk nog 
aantrekkelijker als studieorganisme. Tot slot draagt ook de huidige klimaatsopwarming bij tot 
het belang van dit onderzoek. Klimaatsopwarming zal consumenten niet alleen direct 
beïnvloeden via een gewijzigd temperatuursregime, maar ook indirect door de primaire 
productie te beïnvloeden. Meer bepaald werd er bezorgdheid geuit met betrekking tot de timing 
van algenbloeien en hun biochemische samenstelling.  
In dit doctoraatsonderzoek werden copepoden blootgesteld aan verschillende dieet- en 
temperatuurscondities in het labo, waarna hun membraan- en reservelipiden afzonderlijk 
geanalyseerd werden voor hun vetzuursamenstelling.   
De twee voornaamste doelstellingen van dit proefschrift waren (1) het vergelijken van 
vet(zuur) kenmerken van harpacticoide copepoden afkomstig uit contrasterende 
omgevingen (polair versus gematigd) en (2) het onderzoeken van bepaalde 
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vetzuurmechanismen, meer bepaald het verbruik en behoud, de accumulatie en modificatie 
van vetzuren, die het vetzuur profiel van een gematigde, harpacticoide soort (Platychelipus 
littoralis) beïnvloeden, en de soort mogelijks toelaten te gedijen in zijn specifieke habitat. 
Hoofdstuk 2 gaat hieraan vooraf, met focus op de kleine, neritische calanoide copepoden Acartia 
tonsa en A. clausi, met als doel hun capaciteit voor thermische acclimatie te vergelijken op basis 
van veranderingen in de samenstelling van membraanvetzuren. Het ecologisch belang van dit 
experiment ligt in de kolonisatie van verschillende Europese estuaria door de invasieve soort 
A. tonsa. Deze is mogelijks gedreven door een toename in temperatuur, en het verhoogt de druk 
op autochtone copepodengemeenschappen, waaronder ook A. clausi. A. tonsa vertoonde de 
sterkste veranderingen in de samenstelling van membraanvetzuren, en dit weerspiegelt 
mogelijks zijn meer eurytherm karakter.  
De daaropvolgende hoofdstukken zijn toegewijd aan de vetzuurdynamieken van benthische 
copepoden en dragen bij tot de twee centrale doelstellingen. Allereerst werden de vet(zuur) 
kenmerken van Antarctische (hoofdstuk 3) en gematigde harpacticoide copepoden 
(hoofdstukken 4, 5 en 6) vergeleken en geïnterpreteerd in relatie tot hun natuurlijke voedsel- en 
temperatuursregimes. Meer bepaald, consumenten in polaire ecosystemen worden 
geconfronteerd met koude maar stabiele temperaturen en een zeer korte piek in primaire 
productie tijdens de zomer. Soorten uit gematigde ecosystemen daarentegen ondervinden een 
zeer brede temperatuursrange en het seizoenaal karakter van primaire productie is minder 
uitgesproken. Antarctische harpacticoide soorten werden daarom verzameld in associatie met 
macroalgen (Alteutha potter, Alteutha sp. en Harpacticus sp.) en het sediment (endobenthisch 
staal met verschillende soorten) tijdens de zomercampagne van 2013-2014 in Potter Cove en 
Península (King George Island, South Shetland Islands), en hun vetzuursamenstelling werd 
geanalyseerd. Het vetzuurprofiel van hun reservelipiden bleek zeer uiteenlopend en duidde op 
de exploitatie van verschillende trofische niches, in overeenstemming met hun specifieke 
levenswijze: endobenthisch, epifytisch met (Alteutha spp.) of zonder (Harpacticus sp.) frequente 
excursies in de waterkolom. Bovendien suggereerde de aanwezigheid van lange ω7 mono-
onverzadigde vetzuurketens in Harpacticus sp. en eerder ω9 in Alteutha spp. de aanpassing van 
de copepodesoorten aan hun specifieke habitat binnen het polair ecosysteem. Meer bepaald, de 
vetzuren 16:1ω7 (microfytobenthos, epifytische diatomeeën) en 18:1ω9 (flagellaten) 
functioneren mogelijks als precursoren van de verlengde ω7 en ω9 vetzuurketens, 
respectievelijk. Ondanks de verwachtingen vertoonden de polaire harpacticoide soorten geen 
uitzonderlijk hoge concentraties aan reservelipiden in vergelijking met de concentraties van een 
gematigde harpacticoide soort (hoofdstukken 4, 5 en 6). De aanwezigheid van lange ω7/9 mono-
onverzadigde vetzuurketens was kenmerkend voor de polaire soorten en vermoedelijk het 
resultaat van de novo synthese door de copepode of van de modificatie van vetzuren uit het 
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voedsel. De mate waarin deze moleculen fungeren als een bron van energie tijdens de winter, 
moet nog aangetoond worden, zeker aangezien slechts minimale hoeveelheden aangetroffen 
werden. Membranen rijk aan meervoudig-onverzadigde vetzuren waren een andere 
bijzonderheid van polaire copepoden en weerspiegelden mogelijks een fysiologische adaptatie 
aan koude omgevingstemperaturen. Algemeen waren de biochemische (vetzuur) kenmerken 
van polaire soorten, meer bepaald hun concentraties aan reservelipiden en lange mono-
onverzadigde vetzuurketens, niet zo typerend voor de sterk seizoenale primaire productie in 
polaire ecosystemen, zoals eerder gerapporteerd werd voor herbivore calanoide copepoden. Dit 
impliceert dat het benthisch leven in deze extreme omgeving het tijdelijk karakter van primaire 
productie minder verregaand ervaart. Men moet echter opmerken dat deze conclusie gebaseerd 
is op beperkte staalname (slechts één zomerseizoen), slechts enkele copepodesoorten en 
beperkte moleculaire informatie wat betreft de verschillende lipiden.  
De tweede doelstelling van dit proefschrift was het onderzoeken van de vetzuurmechanismen 
die harpacticoide copepoden toelaten te gedijen in hun habitat. Een gematigde, intertidale 
copepodesoort met een epibenthische levenswijze (Platychelipus littoralis, Westerschelde 
estuarium, Nederland) werd gekozen als testorganisme. Veranderingen in vetzuurconcentratie 
en -samenstelling worden mogelijks veroorzaakt door temperatuursgemedieerde processen 
zoals het verbruik en behoud, de accumulatie en modificatie van vetzuren. Logischerwijs werden 
deze verschillende processen dan ook onderzocht bij lage (4 °C), optimale (15 °C) en verhoogde 
(24 °C) temperaturen.  
In hoofdstuk 4 werd nagegaan hoe de vetzuren van copepoden, geassocieerd met membraan- en 
reservelipiden, beïnvloed worden door de omgevingstemperatuur, en mono en gemengde dieten 
bestaande uit diatomeeën. De harpacticoide copepoden acclimatizeerden succesvol aan de 
temperatuursextremen (4 en 24 °C), door een grotere proportie aan onverzadigde 
membraanvetzuren bij koude (ongeveer 6% verschil), evenals de relatieve EPA concentratie 
(verschil van 5%), en bovendien werd een verschuiving naar kortere vetzuren (16:0/ 18:0) 
geobserveerd bij koude. Deze aanpassingen dragen waarschijnlijk bij tot het behoud van de 
optimale membraan fluiditeit (homeostase). De grootste daling in reservelipiden, tot slechts 
20% van de oorspronkelijke concentratie, trad op wanneer de copepoden enkel over een 
monodieet beschikten onder 24 °C. Terzelfdertijd werden minder nauplia geteld. Waarschijnlijk 
is dit het gevolg van een energie-herverdeling van reproductie naar de metabolische 
‘onderhoudskosten’. Voor een soort met beperkte mobiliteit, die bijgevolg direct onderhevig is 
aan de fluctuaties van voedsel en temperatuur in het intergetijdengebied, zijn thermische 
acclimatisatie en een flexibele energie-herverdeling mogelijks cruciaal.  
In hoofdstuk 5 werden harpacticoide copepoden uitgehongerd voor een periode van 3, 6 en 14 
dagen om inzicht te krijgen in het verbruik van hun reservevetzuren, i.e. (1) de mate van 
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uitputting en (2) de selectiviteit van verbruik, en dus ook het behoud van bepaalde essentiële 
vetzuren onder voedselstress, en dit onder 4, 15 en 24 °C. Hierdoor konden we nagaan wat het 
effect is van de omgevingstemperatuur op het vetzuurverbruik en dus in welke mate 
harpacticoide copepoden hun vetzuurverbruik kunnen afstemmen aan de 
omgevingstemperatuur. De grootste daling in reservevetzuren trad reeds op na 3 dagen bij 4 en 
15 °C (ongeveer 80 en 90%), met het meest selectieve verbruik bij 15 °C. Onverwacht was het 
beperkte vetzuurverbruik bij 24 °C en dit wijst mogelijk op een omschakeling naar 
(gedeeltelijke) anaerobiosis. DHA werd selectief behouden in de membranen ten koste van EPA 
en deze trend werd duidelijker naarmate de uithongeringsperiode toenam. De mortaliteit van de 
copepoden was niet zozeer gelinkt aan de concentratie aan reservevetzuren, maar ging gepaard 
met het verdwijnen van DHA uit de membranen en dit na 14 dagen van voedselstress onder 
verhoogde temperatuur. We kunnen besluiten dat de reservevetzuren een belangrijke rol 
speelden in de korte-termijn respons van copepoden onder voedselstress en voorts werden de 
vetzuren ook selectief gemobilizeerd vanuit de reservelipiden. De gecontroleerde metabolizatie 
van reservevetzuren, laat de copepoden mogelijks toe om te gaan met (korte) periodes van 
voedselstress in hun intergetijdenhabitat.  
Hoofdstuk 6 belichtte de processen van vetzuuraccumulatie en -modificatie. Hiertoe werden 
harpacticoide copepoden gedurende 3 dagen uitgehongerd bij 15 °C om hun reserves uit te 
putten (gebaseerd op de resultaten van hoofdstuk 5). Vervolgens werden ze gevoed met een 
dieet van lage (groenwier Dunaliella tertiolecta) en hoge (diatomee Thalassiosira weissflogii) 
voedselkwaliteit en dit opnieuw bij 4, 15 en 24 °C gedurende 6 dagen. In tegenstelling tot 
T. weissflogii, zijn er geen meervoudig-onverzadigde vetzuren zoals ARA, EPA en DHA in 
D. tertiolecta. Dit groenwier bevat enkel substantiële hoeveelheden van hun precursoren, 
18:2ω6 en 18:3ω3, vandaar dus de lagere voedselkwaliteit. Door het labelen van beide algen 
met 13C kon de assimilatie van beide voedselbronnen onder verschillende temperaturen door de 
harpacticoide copepoden bepaald worden. Het herstel van membraan- en reservevetzuren stond 
centraal in dit experiment, samen met het belang van de voedselkwaliteit voor dit proces. De 
analyse van de stabiele isotopen (13C) in ARA, EPA en DHA in harpacticoide copepoden die 
gevoed werden met D. tertiolecta informeerde over de synthese van ARA, EPA en DHA door de 
copepoden onder verschillende temperaturen, alsook de incorporatie van deze vetzuren in 
structurele of reservelipiden. De synthese van EPA, DHA en ARA nam toe met stijgende 
temperatuur, met factors 2, 5 en 12, respectievelijk, en dit tussen de temperatuursextremen (4 
en 24 °C). Deze aangemaakte vetzuren werden voornamelijk teruggevonden in de 
membraanlipiden. Ondanks het potentieel voor vetzuurmodificatie werd er geen accumulatie 
(en dus herstel) waargenomen van membraan- en reservevetzuren, zelfs in aanwezigheid van 
een kwaliteitsvol dieet. Deze bevindingen suggereren een substantiële vetzuuromzet, en dus de 
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nood aan membraancomponenten EPA en DHA, vooral onder verhoogde temperatuur. 
Mortaliteit van de copepoden was het hoogst bij het D. tertiolecta dieet op 24 °C. Daarom is het 
twijfelachtig of deze harpacticoide soort het potentieel heeft zich aan te passen aan de 
verminderde concentraties van essentiële ω3 vetzuren in zijn voedsel, zoals voorspeld voor 
klimaatsopwarming. Bovendien blijken copepoden meer nood te hebben aan deze essentiële 
componenten onder verhoogde temperaturen.  
Tot slot kunnen de vele dieet- en temperatuurscondities in deze hoofdstukken beschouwd 
worden als een stressgradiënt, gaande van geen (of weinig) stress (hoofdstuk 4), over het 
‘herstel experiment’ (hoofdstuk 6), tot de meest extreme stress door uithongering (hoofdstuk 5). 
Algemene vetzuurveranderingen verschenen zowel in membraan- als reservelipiden, wat het 
potentieel van vetzuren als biochemische stressindicatoren aanduidt. Meer bepaald informeren 
ze over de competentie van membranen en de nutritionele status in harpacticoide copepoden 
(hoofdstuk 7). De eerste trend was de stress-geïnduceerde toename van de verhouding DHA/ 
EPA in membraanlipiden. Dit wijst mogelijks op de grotere essentiële waarde van DHA ten 
opzichte van EPA. Daarenboven nam ook de variatie in vetzuursamenstelling (‘intra-specifieke 
variatie’) toe tussen de copepodereplica’s. Dit werd eerst waargenomen in de reservelipiden, en 
naarmate stress toenam ook in de membraanlipiden. Dit suggereert het falen van belangrijke 
membraanprocessen met een toename in mortaliteit als gevolg. Daarenboven reduceerde stress 
de hoeveelheid reservelipiden substantieel. Reservevetzuren functioneren als een energiebron 
voor de metabolische ‘onderhoudskosten’ en voorzien de nodige ‘vervangvetzuren’ voor de 
omzet van fosfolipiden. Dit verklaart waarom hun uitputting niet nauw gekoppeld is aan de 
mortaliteit van copepoden, wat wel het geval is voor membraanvetzuren.   
Doorheen dit werk werden vetzuren van membraan- en reservelipiden bestudeerd en dit was 
alvast een eerste strategie om onderliggende biochemische adaptaties aan een bepaald habitat 
te ontrafelen. Niettemin, lipiden zijn een zeer diverse moleculaire groep en dit geldt 
waarschijnlijk ook voor hun functie. Het gebruik van geavanceerde technieken die gedetailleerde 
moleculaire informatie van lipiden linken met hun locatie binnen het weefsel (of zelfs in één cel), 
zullen onze kennis over vetzuurdynamieken en hun betekenis voor de biochemische ecologie 
hoogstwaarschijnlijk in een stroomversnelling brengen. 
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1.1. A biochemical view on energy flow 
Life requires a source of free energy and adequate mechanisms to harvest it and transform it 
into organic molecules (Morowitz and Smith 2006). Life on Earth and thus essentially every 
ecosystem, to the extent that it can be considered in isolation, synthesizes and utilizes all 
necessary organic molecules within a closed network of reactions and can therefore be 
considered autotrophic i.e. ‘self-feeding’ (Morowitz and Smith 2006). At the level of the 
organism, both auto- and heterotrophy exist, the latter implying that organic inputs must be 
obtained from the environment (Morowitz and Smith 2006). Therefore, alterations in the 
species composition and productivity within an ecosystem, the so-called ‘ecosystem trophic 
dynamics’, can be understood as changes in the transfer of energy from one part of the 
ecosystem to another (Lindeman 1942).  
This ‘energy flow’ can be simplified as the assimilation of solar energy, or geochemical redox 
energy in some cases, into primary production biomass, grazed upon by herbivores, which, in 
turn, are preyed upon by carnivores ( Figure 1.1). 
 
Figure 1.1: Simplified representation of energy flow in aquatic ecosystems. The trophic cascade of energy 
flow is initiated at the basis of the food web where solar energy is captured and transformed into 
phytoplankton biomass, which is subsequently grazed upon by herbivores and eventually sustains fewer, 
larger-sized organisms at the top. Modified from [1] 
For a long time, factors regulating food-web structure have fascinated ecologists (Hairston et al. 
1960). Because most energy is contained in carbon bounds (Morowitz 1968), the first 
nutritional studies estimated higher trophic level production by following the incorporation of 
carbon into the different food web compartments (Lampert 1977). Pioneering work focused on 
enclosed, freshwater ecosystems, where bottom-up effects through nutrient enrichment gave 
highly variable outcomes in terms of phytoplankton and zooplankton biomass (McQueen et al. 
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1989). Consequently, the general consensus arose that carbon fluxes between primary 
producers and consumers, at the so-called plant-animal interface, were highly variable and the 
least predictable (Brett and Goldman 1997).  
The unexplained variability in the growth response of first-level consumers was coined ‘food 
quality’ differences and considered ‘noise’ around a rather fixed value of efficiency by which 
carbon and energy were transferred between the trophic levels in a food web (Müller-Navarra 
2008). Nowadays it is well-recognized that food quality is an important factor when predicting 
secondary production both in mesotrophic systems where it can be as important as food 
quantity (Müller-Navarra and Lampert 1996), and hypereutrophic lakes where it can even 
account solely for the transfer efficiency of seston biomass into zooplankton biomass (Müller-
Navarra et al. 2000).  
Food quality is perceived as the degree to which the consumers’ nutritional needs are met by the 
quantity and composition of the accessible food (Müller-Navarra 2008). Several factors are 
involved in determining food quality including the properties of the food particle, encompassing 
food detection factors such as texture and taste, but also ingestion and assimilation, and the 
occurrence of toxins (Müller-Navarra 2008 and references therein). In addition, certain algal 
‘food ingredients’ were thought to cause the difference in nutritional value, including their 
elemental stoichiometry and biochemical makeup (Müller-Navarra 1995; Sterner 1993; Sterner 
and Hessen 1994). Despite the consensus on food quality importance, there was no uniform 
understanding of what these specific nutritional characteristics were. Progress in several 
research fields, however, showed that ‘fatty acids’ (FAs), being important lipid constituents, are 
relevant food quality indicators (section 1.3).  
1.2. Tracing energy flow  
In line with their importance as food quality determinants, FAs are also used as dietary tracers 
for the purpose of food web untangling. The concept of FAs being transferred conservatively 
through aquatic food webs was first suggested by Lovern in 1935 by screening fats in 
crustaceans and their fish predators. From then onwards, the ‘fatty acid trophic marker’ (FATM) 
concept evolved, based on the observation that marine primary producers lay down certain FA 
patterns that may be transferred conservatively to, and hence, can be recognized in higher 
trophic levels (Dalsgaard et al. 2003). Signature FAs include FAs that are rare and unique ratios 
of commonly occurring FAs, both of which are reflected in the consumer’s FA profile. However, 
FA signatures may be strongly influenced by metabolic processes in the consumer e.g. through 
bioconversion of dietary precursor FAs (De Troch et al. 2012a), as well as their de novo synthesis 
(Brett et al. 2009; Guest et al. 2010). Moreover, some algal taxa share the same FA 
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characteristics (Bec et al. 2010). Therefore, cross validation of FATM outcomes with stable 
isotopes is recommended (e.g. Cnudde et al. 2015). 
Stable isotopes (SI) have been and are still being used as biochemical markers to study trophic 
interactions and energy pathways in food webs. They are forms of an element that differ in the 
number of neutrons and may include hydrogen (2H/ 1H), oxygen (18O/ 16O), carbon (13C/ 12C), 
sulphur (34S/ 32S) and nitrogen (15N/ 14N) (Fry 2006). However, the majority of ecological food 
web studies use SI of carbon and nitrogen (Gladyshev 2009). Photosynthetic organisms 
preferentially assimilate light isotopes 12C, and discriminate against heavy isotopes 13C. Also 12C 
is preferentially respired. Altogether, lower isotope values are found in plants, compared to their 
sources of inorganic carbon (Gladyshev 2009). However, when carbon moves through the food 
web, i.e. across the plant-animal interface, the carbon isotopic values of consumers are usually 
similar to those of their diets, so trophic enrichment in typically in the range of 0-1‰ (Caut et al. 
2009). Consequently, carbon isotopic composition is commonly used to indicate the ultimate 
source of primary production at the basis of a consumer’s diet (Peterson and Fry 1987; Post 
2002). In contrast, consumers are typically enriched by 3-4‰ in isotopic ratios of nitrogen 
relative to their diets. Therefore, the isotopic ratio of nitrogen is often used to estimate trophic 
positions (Minagawa and Wada 1984; Post 2002). Nonetheless, these classical trophic 
fractionation factors are based on average fractionation across an entire food chain, while 
trophic fractionation can be taxon, environment, tissue and diet specific (Caut et al. 2009). 
Therefore, precise fractionation factors are required to obtain accurate estimates of dietary 
contributions from isotopically distinct components (Caut et al. 2009). In addition to the analysis 
of naturally occurring ratios of stable isotopes, also in situ pulse-chase experiments were 
successful for tracing energy flow (e.g. tracing 13C in Guilini et al. 2010; Middelburg et al. 2000). 
Similarly, SI should be combined with another marker considering that isotope ratios of 
autotrophs may be influenced by environmental factors through alteration of their rate of 
productivity. These factors include light intensity, temperature, CO2 availability, water depth and 
nutrient source (Guest et al. 2010). Moreover, in some cases SI cannot resolve contributions of 
different dietary sources due to overlap in their carbon isotopic signatures (Kelly and Scheibling 
2012). 
In a more advanced technique, analysis of isotopic composition has shifted from bulk tissue to 
specific compounds, which include FAs in the so-called FA-specific stable isotope analysis (FA-
SIA). This technique may solve biases related to source specificity. Two food sources may share 
some of their marker FAs (16:4ω1 and 20:5ω3), for example sea-ice algae and pelagic diatoms 
(Budge et al. 2008). However, the distinct carbon isotopic composition of these FAs allows to 
distinguish between the contributions of ice algae and pelagic diatoms to the consumer’s FA 
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profile (Bec et al. 2011). In parallel with their use as tracers of food web pathways (e.g. Guilini et 
al. 2010), FA-SIA may elucidate on metabolic pathways of individual FAs in the consumer. In 
particular, 13C-labeling of dietary FAs and subsequent SI analysis of the consumer’s FAs may 
reveal its conversion capabilities (De Troch et al. 2012a).  
Currently, even more promising techniques have been used for rapid detection, localization, and 
identification of many molecules from complex biological tissue samples at the resolution of 
nanometer (nm) to micrometer scale (µm) through ‘imaging mass spectrometry’ (IMS) (Shrivas 
et al. 2010). In particular, NanoSIMS (Nanoscale Secondary Ion Mass Spectrometry) combines 
high resolution microscopy with SI analysis and has been used to elucidate trophic interactions 
at the smallest scale. NanoSIMS is often combined with other techniques such as FISH, ToF-SIMS 
or MALDI (Jiang et al. 2016; Musat et al. 2016), and resulted in the identification of bacteria 
feeding on the gut mucus layer in mice (Berry et al. 2013), the quantification of the rate of 
ammonium assimilation in coral-dinoflagellate symbiosis (Pernice et al. 2012), and many more. 
This methodological evolution illustrates the growing research interest in tracing compounds at 
the cellular level. 
1.3. Fatty acids - drivers of health in consumer and 
ecosystem  
Unlike autotrophs, which only require inorganic nutrients, animals need organic compounds in 
their diets to meet energetic and physiological demands. Therefore, they may become limited 
not only by inorganic elemental nutrients but also by organic compounds which are more 
complex (Twining et al. 2015).   
Within the research fields of both marine aquaculture and limnology, awareness grew that 
particular biochemicals called FAs are important food quality determinants. Not only is their 
dietary presence a requirement for normal metamorphosis and disease resistance in marine 
larval fish (box 1), their importance can be extrapolated to the ecosystem scale as certain FAs 
determine the energetic efficiency across the plant-animal interface, the secondary production 
and thus the strength of trophic coupling in lake ecosystems (box 2). Also in marine ecosystems, 
it was hypothesized that the availability of certain FAs exerts a bottom-up control on the fish 
community composition, i.e. lipid-poor versus lipid-rich fish species (Litzow et al. 2006).  
Finally, the importance of certain essential FAs (EFAs) is not limited to aquatic life but also 
extends to human nutrition. FAs are intertwined with human health and the low occurrence of 
certain FAs in modern, westernized diets has been linked to cardiovascular disease and major 
depression, two of the most prevalent human disabilities worldwide (Lands 2009; Simopoulos 
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2011). Moreover, FAs had and still have a significant potential to affect the hominid brain 
evolution due to their ‘brain specific nutrition’ properties, according to several nutritionists 
(Broadhurst et al. 1998; Crawford et al. 1999; Cunnane et al. 1993). The shift to more lacustrine 
foods, likely composed of invertebrates, molluscs, small or slow-moving fish, offered hominid 
species a stable, energy-rich food supply with certain EFAs and could have provided a means of 
initiating and sustaining the cerebral cortex growth (Broadhurst et al. 1998; Cunnane et al. 
1993). These biochemical and environmental stimuli, only present at the land-water interface, 
increased neurological complexity in the brain and likely enabled sophisticated tools and 
behavior patterns in humans. Altogether, certain FAs, originating at the very basis of aquatic 
food webs, are drivers of ecosystem health and stability and are integral to proper ecosystem 
functioning (Parrish 2013).  
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Box 1: FAs essential for marine aquaculture fish  
The first aquaculture practices faced difficulties with the production of high-quality marine 
juvenile fish, primarily because of malpigmentation and impaired eye migration, for example in 
Atlantic halibut (Figure 1.2) (Shields et al. 1999). It became clear that the use of rotifers 
(Brachionus spp.) and brine shrimp nauplii (Artemia spp.) as live feed for marine larval fish, and 
more specifically their inadequate levels of FAs and their ratios, lipid classes and pigments, were 
responsible for slow growth, increased larval deformities and mortality (Fernández-Reiriz et al. 
1993; Rajkumar and Kumaraguru vasagam 2006; Shields et al. 1999). Marine zooplankton 
constitutes the natural food source of marine larval fish in the wild and thus explains the 
nutritional inferiority of rotifers and Artemia nauplii (Shields et al. 1999; van der Meeren et al. 
2008). The use of natural zooplankton assemblages as live food for marine fish species offers 
part of the solution, however, their supply is restricted to certain periods of the year (e.g. April 
to June along the Norwegian coast) (Evjemo et al. 2003). Therefore, the use of FA-enriched 
Artemia and rotifers became a popular technique, the so-called ‘microencapsulation’, and is 
nowadays widely-applied within the aquaculture industry as it increases successful larval 
development (Léger et al. 1986, 1987; Léger and Sorgeloos 1991).  
The vulnerability of coldwater spp. (e.g. cod, halibut), the more temperate species turbot and 
some warmwater spp. (e.g. sea bass and sea bream) to nutritional deficiency is due to their small 
pelagic eggs containing limited yolk reserves (Støttrup 2000). The larvae hatch at an early stage 
in their development and thus, lack many functional organs at the time of hatching. The onset of 
exogenous feeding coincides with the development of the digestive system as well as the 
development of organs critical for successful feeding, including vision and motor development 
(Støttrup 2000). Therefore, high food quality food is of prime importance during their first 
feeding events. 
 
 
Figure 1.2: Errors in metamorphosis of Atlantic halibut juveniles (a) normally pigmented juvenile with 
good eye migration (b) malpigmented juvenile with good eye migration and (c) normally pigmented 
juvenile with incomplete eye migration. Malpigmented larvae with poor eye migration occur as well  
(Hamre et al. 2007)  
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Box 2: Trophic coupling at the plant-animal interface 
Groundbreaking work within the field of aquatic limnology came from Müller-Navarra (1995) 
and coworkers (Müller-Navarra et al. 2000, 2004) who showed a link between nutrient input 
(total phosphorous), the FA composition of lake seston and its effect on the performance of the 
key grazer Daphnia sp. (growth rate and egg production) (Figure 1.3). In particular, the 
underlying mechanism of trophic uncoupling between the high phytoplankton standing stock, 
evoked by high nutrient loadings during summer, and the low secondary production was the 
high variability in certain phytoplanktonic ω3-polyunsaturated FAs. In other words, deficits of 
specific ω3-polyunsaturated FAs were responsible for the low food quality of phytoplankton 
during summer and acted as a strong predictor for zooplankton carbon conversion. These 
studies elegantly demonstrated that certain FAs are key nutritional constituents of zooplankton 
diets, and consequently determine the energetic efficiency across the plant-animal interface, the 
secondary production and the strength of trophic coupling in aquatic pelagic food webs (Brett 
and Müller-Navarra 1997). 
 
Figure 1.3: The negative relationship between (a) total phosphorus (TP) and the grazer’s performance 
(growth rate and egg production) in the lake is attributed to (b) the reduced availability of essential 
dietary constituents in phytoplankton i.e. OCT (18:4ω3), EPA (20:5ω3) and DHA (22:6ω3) (Müller-
Navarra et al. 2004). 
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1.4. Functional roles of FAs as lipid compounds 
FAs are typically composed of a hydrocarbon chain with a carboxylic head group and a methyl 
group at their tail (box 3).   
They are compounds of lipids, the latter originally defined as a group of organic compounds, 
including fats, oils, waxes, sterols and triglycerides, which are insoluble in water but soluble in 
nonpolar organic solvents (Harkewicz and Dennis 2012). This lose definition, however, excludes 
several lipids and a definition based on biosynthetic origin has been proposed (Christie 1989; 
Harkewicz and Dennis 2012). In particular, Christie (1989) defined lipids as ‘FAs and their 
derivatives, and substances related biosynthetically or functionally to these compounds’.  
More recently, the LIPID MAPS consortium has defined lipids as hydrophobic or amphipathic 
small molecules that originate by carbanion-based condensation of thioesters (fatty acyls, 
glycerolipids, glycerophospholipids, sphingolipids, saccharolipids and polyketides) and/ or by 
carbocation-based condensation of isoprene units (prenol lipids and sterol lipids) (Fahy et al. 
2009).   
Throughout the scientific literature, lipids have been classified in several ways according to their 
polarity (nonpolar versus polar) (Guschina and Harwood 2009), complexity (simple versus 
complex) (Christie 1989) and functional role (storage versus structural) (Koussoroplis et al. 
2014). These classifications roughly coincide. Generally, nonpolar lipids have an energy storage 
function and are simple compounds, which implies that saponification yields at most two types 
of hydrolysis product per mole, e.g. FAs and glycerol for triacylglycerols (Christie 1989). Polar 
lipids are characterized by a higher molecular complexity and saponification typically yields 
three or more primary products per mole, which applies to phospholipids and glycolipids 
(Christie 1989). However, exceptions exist in this extremely diverse molecular group. For 
example, cholesterol is a simple, rather apolar lipid but plays a vital role in maintaining optimal 
membrane structure (Christie 1989).  
Separate screening of the consumer’s FA content and composition at the level of its structural 
and storage lipids yields an increased resolution on the destination of dietary FAs. To put this 
differently, it allows for tracing the energy flow in the consumer, which is the investment of 
dietary compounds into growth (structure) or rather energy storage. Therefore, the separate 
screening of structural and storage lipids for their associated FAs is adopted as the prime 
research strategy for this thesis.   
In order to analyze these different lipid classes separately, a fractionation step is adopted prior 
to the FA analysis. In particular, a short column of silica gel, consequently eluted with 
chloroform, acetone and methanol allows separation of the simple lipids (storage), glycolipids 
and phospholipids (structural), respectively (Christie 1989).   
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Box 3: FA nomenclature and terminology 
Fatty acid (FA) molecules are all composed of a hydrocarbon chain with a carboxylic head group and a 
methyl group at the tail. Most naturally-occurring FAs have an even number of carbons, usually between 
14 and 24 (Kelly and Scheibling 2012). Saturated FAs have the most simple chemical structure as each 
carbon atom is fully hydrogenated (Figure 1.4 a). Thus, within the class of saturated FAs (SFA), diversity 
lies only in the number of carbon atoms. The molecular complexity increases with the insertion of a 
double bond in the hydrocarbon chain at a particular position and unsaturated FAs (UFA) are created 
(Figure 1.4 b and c). Additional double bonds can follow, usually separated from one another by a –CH2– 
group (methylene-interrupted), although non-methylene FAs, interrupted by more than one methylene 
group, exist as well in some taxa (section 1.5.4). Consequently, for most purposes specifying the position 
of the first double bond starting from the methyl (ω- and n-nomenclature) or from the carboxyl (Δ-
nomenclature) end of the chain, yields complete chemical identification. Throughout this PhD work, the ω-
nomenclature is used in shorthand notations. In particular, for the form A:BωX, A represents the number 
of carbon atoms, B gives the number of double bonds, and X gives the position of the first double bond 
counting from the terminal methyl group. Thus, the latter designates to which ω-family the FA belongs, 
with ω3, ω6 and ω9 being the most prevalent families. 
Figure 1.4: 
 
UFA are further classified according to their unsaturation level into monounsaturated FAs (MUFA), 
containing exactly one double bond and polyunsaturated FAs (PUFA) with more than one double bond. 
Among PUFA, there is the class of highly unsaturated FAs (HUFA) with FA containing ≥ 20 carbon atoms 
and ≥ 3 double bonds (Bell and Tocher 2009). This terminology and abbreviations are consistently used 
throughout the PhD research. 
(a) saturated FA 18:0   
(b) unsaturated FA 18:1ω9 and 
(c) polyunsaturated FAs 18:2ω6 
and 18:3ω3 with indications of 
the ω-nomenclature where the 
position of the first double bond 
is indicated relative to the methyl 
end of the chain.   
Desaturase enzymes introduce 
double bonds at specific 
positions, indicated by the Δ-
nomenclature relative from the 
carboxyl end. Δ9, Δ12 and Δ15 
desaturases convert 18:0 into 
18:1ω9, 18:2ω6 and 18:3ω3, 
respectively (section 1.5.4) 
(modified from Castro et al. 
2016). 
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1.4.1. Membrane FAs 
FAs fulfill a structural role as components of phospholipids which, in turn, are the predominant 
membrane lipids and responsible for the bilayer structure of the cell membrane (Figure 1.5). 
Membranes are a requirement for life and their universal occurrence in living organisms 
suggests that the earliest life-forms on the planet also possessed them. Just like DNA is described 
as the ‘eternal molecule’, membranes might be called ‘eternal structures’, since in modern 
organisms new membranes arise from old ones (Hulbert 2003). Furthermore, an alternative 
‘Lipid World’ scenario has been suggested in which lipids contributed to the emergence of life, 
through their capacity of spontaneous self-organization into supramolecular structures, with the 
ability to enhance energy-dependent synthetic reactions (Segré et al. 2001). 
 
Figure 1.5: Cell membranes are predominantly composed of phospholipid molecules (orange units), 
consisting of a hydrophilic head group to which two hydrophobic fatty acyl chains are attached [2]. 
Moreover, membrane FAs also affect the organism’s physiology. First, many important cellular 
processes are membrane-associated, e.g. oxidative phosphorylation in the mitochondria (Martin 
et al. 2013), and their rates are thought to be affected both by the amounts of membranes and 
their FA composition, notably the balance between MUFA and PUFA (box 3), and the presence of 
DHA (docosahexaenoic acid, 22:6ω3). In particular, membrane FAs have a major influence on 
the activity of membrane-bound proteins, for example through alteration of membrane 
leakiness, which ultimately affects metabolism (Hulbert and Else 2000). Therefore, membrane 
FAs are considered as ‘pacemakers of metabolism’ (Hulbert and Else 1999). 
Second, under varying abiotic conditions, e.g. temperature, hydrostatic pressure, lipid 
peroxidation, dehydration stress, salinity and pH (Hazel and Williams 1990), the physical and 
chemical environment of the membrane must be regulated to maintain activity of membrane-
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associated proteins and thus proper membrane functioning (Kraffe et al. 2007). By modulating 
their membrane FA composition, organisms physiologically adapt to a variable physical 
environment (Hazel and Williams 1990; Parrish 2013). The FA composition affects the 
membrane ‘order’, also termed as membrane ‘fluidity’ (Guschina and Harwood 2006a). The most 
well-studied is the response of ectotherms to temperature fluctuations, firstly described by 
Sinensky for E. coli (1974) where an increased proportion of saturated and longer-chain (LC)-
FAs with rising temperature was observed, a response widely known as ‘homeoviscous 
adaptation’. Another paradigm includes the vertical migration of marine planktonic copepods 
(order Calanoida) inhabiting high-latitude ecosystems to overwinter at greater depth. This 
migration imposes great physiological challenges, induced by alterations in temperature and 
hydrostatic pressure. According to Pond et al. (2014), the key of successful adaptation lies in the 
presence of DHA in the copepods’ membranes as the biophysical properties of this FA are 
particularly suited to maintain membrane order in the cold, high pressure conditions of the deep 
sea. 
Third, particular membrane FAs act as ‘eicosanoid’ precursors. Eicosanoids serve as 
messengers in the central nervous system and may act as local hormones or signaling molecules 
to control inflammation and immunity. Eicosapentaenoic acid (EPA, 20:5ω3), arachidonic acid 
(ARA, 20:4ω6) and dihomo-gamma-linolenic acid (DG-LIN, 20:3ω6) are the primary FAs for the 
production of eicosanoids and exhibit the opposite physiological responses (Arts and Kohler 
2009). Although a normal physiological product, extreme stress/ trauma can trigger an excess 
biosynthesis of eicosanoids (Bell and Sargent 2003). In particular, ARA promotes inflammation 
or shows other disease-propagating effects, while EPA and 20:3ω6 are rather anti-inflammatory 
(Arts and Kohler 2009). Despite their opposite physiological responses, EPA and ARA are 
competitive substrates for enzymes involved in eicosanoid biosynthesis (Schmitz and Ecker 
2008). Consequently, the EPA to ARA dietary ratio (or their precursors) may influence immune 
system functioning, as observed in fish. For example, a diet high in 18:3ω3 resulted in higher 
levels of EPA in Atlantic salmon leucocyte phospholipids, with a concomitant reduction in ARA-
derived eicosanoids, ultimately resulting in an increased anti-inflammatory response and a 
reduction in cardiac lesions (Arts and Kohler 2009). 
1.4.2. Storage FAs 
Beside their membrane lipid association, FAs are also part of storage lipids, visible as an oil sac 
or lipid droplets (Figure 1.6) and operate as energy providers, fuelling the organism’s 
metabolism. The high-energy content of lipids (ca. 39 kJ g-1) offers an advantage over proteins 
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and carbohydrates (both ca. 17 to 18 kJ g-1) (Lee et al. 2006), due to the fact that they can be 
stored dehydrated and, to a lesser extent, because they are more chemically reduced than other 
fuels (Weber 2011).  
 
Figure 1.6: (a) Storage lipids visible as an oil sac as in Calanus finmarchicus (order Calanoida), modified 
from [3] or (b) dispersed as lipid droplets in the copepod Alteutha potter (order Harpacticoida).  
Storage lipids are typically associated with pigments that make them highly visible. 
Research on the role of storage lipids in the species’ life-history has been devoted to marine 
zooplankton in particular. Copepods are important members of this diverse taxonomic group 
and are able to accumulate large reserves of energy-rich lipids, exhibiting some of the highest 
lipid levels in organisms on Earth (Kattner and Hagen 2009). The different oceanic regimes that 
exist between the tropics and higher latitudes have shaped the lipid dynamics of copepods 
inhabiting this extensive latitudinal range (Kattner and Hagen 2009).   
Lee and Hirota (1973) reported lipid-poor zooplankton from tropical epipelagic waters, 
attributed to the high continuous carbon turnover at warm temperatures and thus high 
metabolic rates but generally low primary production and thus selection for an omnivorous 
feeding ecology (Brett et al. 2009; Lee et al. 2006). In contrast, zooplankton inhabiting polar, 
westerlies, upwelling and coastal biomes, accumulate large lipid stores mainly composed of wax 
esters (WEs) and triacylglycerols (TAGs) (Figure 1.7), both occurring as oil sac or lipid droplets, 
as a means to deal with pronounced seasonal phytoplankton productivity (Lee et al. 2006). 
These lipid reserves provide the necessary energy for metabolic maintenance during periods of 
low food availability and may fuel reproductive processes before the onset of the spring 
phytoplankton bloom so that juvenile development is synchronized with high food availability 
(Swadling et al. 2000). Seasonal adaptations are thus closely related to the trophic level of the 
zooplankters, with the strongest pressures occurring on strictly herbivorous organisms (Hagen 
and Auel 2001).  
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Figure 1.7: Chemical structures of two common storage lipids: wax ester (22:1ω11 fatty alcohol; 18:4ω3 
FA) and triacylglycerol (16:0, 18:4ω4 and 18:1ω9 FAs) (Lee et al. 2006). 
WEs are particularly dominant in polar/ northern-temperate and deep-living calanoid copepods 
(Brett et al. 2009). In herbivorous copepods with large amounts of WEs stored in oil sacs, TAGs 
and WEs are utilized and accumulated at different rates. While the oil sac is predominantly 
composed of WEs, TAGs are stored in other body regions, likely in the form of lipid droplets. 
Starvation of WE-rich copepods showed that TAGs serve as rapidly used energy stores, while 
WEs are more slowly used over longer periods (Lee et al. 2006).   
In both polar food webs, WE-storing herbivorous copepods show similar lipid adaptations. 
However, predominantly TAG-storing species occur in Antarctic waters, e.g. Calanus propinquus, 
C. simillimus and Euchirella rostromagna (Albers et al. 1996; Dalsgaard et al. 2003). This storage 
pattern suggests that these copepod species feed throughout the year and have evolved a more 
opportunistic feeding strategy than strictly herbivorous species.  
In addition to energy providers, WEs are important for seasonally diapausing copepods (many 
Calanus and Calanoides species) and dominate their prominent ‘oil sac’. This oil sac can extend 
the entire length of the prosome, and allows copepods to remain neutrally buoyant at great 
depth due to its thermal expansion and compressibility capacities (Figure 1.6) (Brett et al. 
2009; Pond et al. 2014).  
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1.5. FA synthesis and biochemical pathways  
1.5.1. Toolbox enzymes - desaturases and elongases 
Fatty acyl desaturases and elongases are the ‘toolbox enzymes’ allowing the synthesis and 
modification of FAs. A desaturase is a special type of oxygenase that removes two hydrogens 
from a fatty acyl chain, catalyzing the formation of a double bond in the substrate 
(Meesapyodsyuk and Qiu 2012). Fatty acyl elongation with a two-carbon unit is effected in four 
steps, each catalyzed by a specific enzyme. The first step is a condensation reaction of the 
precursor fatty acyl chain with malonyl-CoA to produce a β-ketoacyl chain that is subsequently 
hydrogenated in three successive steps. The condensation step determines the substrate 
specificity and is the rate-limiting step of the process and is therefore regarded as being the 
‘elongase’ enzyme (Bell and Tocher 2009).   
In addition to the ω-nomenclature, the Δ-system remains relevant as it has traditionally been 
used for specifying regioselective activity of fatty acyl desaturase enzymes. In this nomenclature 
the double bonds are numbered from the carboxyl end of the molecule. For example, a 
desaturase that introduces a double bond 9 carbon atoms from the carboxyl end of the FA chain 
is described as having Δ9 activity (Castro et al. 2016) (Figure 1.4).  
1.5.2. Competition among the different pathways 
Desaturase and elongase enzymes work in concert to convert SFA, for instance 18:0, into longer-
chain and more UFA. Δ5 FA desaturation occurs at one step in the pathway (Figure 1.8), 
involving 20:2ω9, 20:3ω6 or 20:4ω3, while Δ6 FA desaturation occurs at two steps, first 
involving 18:1ω9, 18:2ω6 or 18:3ω3 and second involving 24:4ω6 or 24:5ω3 (Bell and Tocher 
2009). In contrast to the protein metabolism where strong ionic and hydrogen interactions are 
involved, only weak hydrophobic interactions (Van der Waals and dispersion forces) operate in 
the process of FA modification, resulting in a system capable of working with different 
substrates (Glencross 2009). In other words, the same enzymes act on ω3, ω6 and ω9 FAs, albeit 
with a different level of affinity ω3 > ω6 > ω9 (Bell and Tocher 2009; Cook and McMaster 2004). 
Moreover, the level of affinity increases with chain length and level of desaturation (Glencross 
2009).  
Nonetheless, involvement of the same enzymes implies some competition for the enzyme 
binding sites. Therefore, endogenous DHA synthesis depends not only on the level of DHA 
precursors, but also on the mix of other dietary PUFA, notably the ω6-precursor 18:2ω6 
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(Twining et al. 2015). DHA rather than EPA is the main end product of desaturation and 
elongation of 18:3ω3, whereas ARA rather than 22:5ω6 is the primary end product of 
desaturation and elongation of 18:2ω6.   
Complexity increases even further when the bifunctional desaturation activity of several 
desaturases, firstly described for zebrafish (Δ6/ Δ5 FA desaturase) (Hastings et al. 2001), is 
considered. Multifunctionality appears an extended trait among desaturases (Monroig et al. 
2011). In particular, desaturase ‘plasticity’ was observed for the Δ6 FA desaturase of most 
teleosts, especially active in marine fish, which had in addition to Δ6 also Δ8 desaturation 
activity (Tocher 2015) (Figure 1.8). Potentially, the increased dietary availability of Δ8 PUFA 
substrate, present in marine environments, may have partly driven the bifunctionalisation of 
marine teleost desaturases towards Δ6/ Δ8 enzymes (Monroig et al. 2011). In this light, 20:2ω6 
and 20:3ω3 no longer appear dead-end metabolic products, at least for marine teleosts 
(Monroig et al. 2011) (Figure 1.8). 
 
Figure 1.8: Biosynthesis pathways of C20 and C22 highly unsaturated FAs, starting from ω3, ω6 and ω9 C18 
precursors. Δ5, Δ6, Δ9, Δ12, Δ15 are FA desaturases; Δ6/Δ8 represents a bifunctional desaturase as 
demonstrated in teleost fish; elo represent fatty acyl elongases; ‘short’ refers to chain shortening. Boxes 
indicate essential FAs with well-documented physiological effects in organisms. Modified from Bell and 
Tocher (2009).  
GENERAL INTRODUCTION 
17 
 
1.5.3. DHA - the ultimate hurdle 
The final product of the ω3 series, DHA, is synthesized via alternating steps of desaturation and 
elongation. Starting with 18:3ω3, synthesis of DHA involves Δ6 desaturation to 18:4ω3, followed 
by elongation to 20:4ω3 and Δ5 desaturation to 20:5ω3. Beyond this point there are some 
controversies about the synthesis. According to the conventional view, 20:5ω3 is elongated to 
22:5ω3 and then converted to 22:6ω3 by a final Δ4 desaturation. However, Sprecher and 
coworkers suggested an alternative pathway for DHA synthesis in rats that is independent of Δ4 
desaturase but involves two consecutive elongations, a Δ6 desaturation and a two-carbon 
shortening via β-oxidation (Qiu et al. 2001). This pathway is now widely known as the ‘Sprecher 
shunt’ (Sprecher et al. 1995) (Figure 1.8). Buzzi et al. (1996, 1997) indicated that this pathway 
is also functional in freshwater fish (rainbow trout). 
1.5.4. Synthesis capabilities throughout the food web 
De novo primary production of PUFA in the marine environment can occur in photosynthetic 
algae, bacteria and heterotrophic protists (Monroig et al. 2013). Heterotrophic protists 
received far less attention than microalgae, despite their wide diversity in synthesis pathways. 
Important findings include detection of Δ4 desaturase activity in the marine microheterotroph 
Thraustochytrium sp., taxonomically related to the heterokont algae (Qiu et al. 2001) and the 
discovery of a completely novel pathway for HUFA synthesis in the thraustochytrid-like marine 
protist Schizochytrium. This anaerobic pathway does not require the desaturation and 
elongation of SFA but, instead, adds double bonds to nascent acyl chains through polyketide 
synthases, and is thus correspondingly called the ‘polyketide pathway’ (PKS) (Metz et al. 2001). 
The PKS pathway was first described in Shewanella sp. that along with Vibrio sp., comprise the 
majority of PUFA-producing bacterial species isolated from the guts of fish and invertebrates 
(Monroig et al. 2013). The range in FA diversity and active pathways is far more diverse in 
microalgae, bacteria and heterotrophic protists than depicted in Figure 1.8. Yet, they fall out of 
scope for this PhD research and are not further discussed in detail. 
Animals are capable of synthesizing some of the fats they need by endogenous metabolism of 
organic carbon compounds (e.g. ingested sugar) by converting them to FAs for energy storage, 
for the synthesis of structural lipids in membranes or for the production of signaling compounds 
(Twining et al. 2015). The de novo synthesis of FAs generally follows the common lipid pathway, 
the so-called the type 1 FA synthetase, composed of 7 enzymes. This multi-enzyme protein 
catalyzes the synthesis of 16:0 from acetyl-CoA and malonyl-CoA in the presence of NADPH 
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(Wakil 1989). The synthesis of FAs longer than 16:0 and with unsaturated bonds involves both 
mitochondrial and microsomal enzyme systems, as opposed to the cytosolic enzyme system 
used to make 16:0 (Glencross 2009). In addition to SFA, the most common MUFA (16:1ω7, 
18:1ω9 and 18:1ω7) can also be synthesized de novo by most animals (Arts et al. 2001). 
Generally, the UFA synthesis starts with the insertion of the first double bond near the middle of 
the molecule. Subsequently, plants introduce a second double bond between the existing 
position and the terminal methyl group, while animals insert double bonds between an existing 
double bond and the carboxyl end of the molecule (Parrish 2009), and therefore synthesize 
fewer and simpler FAs (Iverson 2009). Animals have to obtain HUFA mainly from their diet 
although some species can convert C18-PUFA into HUFA (Castro et al. 2016; De Troch et al. 
2012a). Strong phylogenetic and trophic patterns in HUFA synthetic capacity occur among 
animals (Bell and Tocher 2009; Makhutova et al. 2011). 
Vertebrates generally lack the Δ12 and Δ15 desaturases and cannot convert 18:1ω9 into 
18:2ω6 and 18:3ω3 (Figure 1.8). Therefore, 18:2ω6 and 18:3ω3 were initially considered the 
only EFAs by most nutritionists and some biochemists. Later on, one discovered that these FAs 
have no unique metabolic role, but that rather HUFA were of main concern for optimal 
functioning of organisms (Arts et al. 2001). Biochemicals such as dietary FAs can be chemically 
altered, in contrast to elements such as N and P which are always essential. Their ‘essentiality’ 
depends on the organism’s potential for FA synthesis and modification and thus the presence 
and functionality of the respective enzymes. In those cases where EFAs can be synthesized 
through conversion from precursor molecules, one may consider them rather semi-essential. 
Nonetheless, semi-essential resources can be limiting when the capacity for synthesis is not 
sufficient to guarantee unlimited growth (Müller-Navarra 2008). In this PhD work, the term 
‘essential FAs’ (EFAs) refers to the HUFA ARA, EPA and DHA, which are indispensable for 
optimal physiological performance and cannot be synthesized or only in insufficient amounts 
(Figure 1.9). 
 
Figure 1.9: Chemical structure of essential FAs: ARA (20:4ω6), EPA (20:5ω3) and DHA (22:6ω3) ensuring 
optimal physiological performance. 
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For instance, humans have the necessary enzymes to transform 18:2ω6 and 18:3ω3 into their 
longer-chain end products ARA and EPA, DHA, respectively. However, the degree of conversion 
is unreliable and restricted (Gerster 1998). Similar to other vertebrates, the insertion of the last 
Δ4 ethylenic bond creating DHA and 22:5ω6 follows the more inefficient Sprecher shunt (Li et al. 
2010; Sprecher 2000) (Figure 1.8). However, more recently, also direct Δ4 desaturase activity 
has been observed in human cells (Park et al. 2015).  
In teleost fish, a principle paradigm is that species diverge according to their environment and/ 
or their trophic level (Morais et al. 2012). In freshwater fish (e.g. zebrafish, carp, trout, and 
salmon), the EFA requirements are satisfied by C18-PUFA, while marine fish (e.g. cod, turbot, sea 
bream, and sea bass) generally require preformed ARA, EPA and DHA (Bell and Tocher 2009; 
Tocher 2003) as Δ5 desaturase activity is generally absent in marine fish (Li et al. 2010; Sargent 
et al. 1993). Potentially, this deficiency reflects an evolutionary adaptation to a DHA-rich marine 
ecosystem (Morais et al. 2012). Nevertheless, exceptions to this paradigm, for instance marine 
fish species with Δ4 desaturase activity (Li et al. 2010; Morais et al. 2012), show that the 
distinction between freshwater and marine species is too simplistic and that trophic level, linked 
with the dietary EPA/ DHA ratio, can prevail over other environmental factors (Li et al. 2010; 
Morais et al. 2012). 
In contrast to microalgae and fish, little is known about the pathways of de novo synthesis or 
trophic upgrading to HUFA in invertebrates which fill the levels between the primary 
producers and fish. Pioneering research on invertebrates included species of commercial or 
aquaculture interest. The freshwater rotifer Brachionus plicatilis fed on baker’s yeast for several 
generations was found to synthesize DHA, although the rate was low (Lubzens et al. 1985). The 
sea urchin Psammechinus miliaris, of commercial interest for the male and female gonads, was 
able to convert dietary 18:3ω3 to EPA but also below physiologically significant rates (Bell et al. 
2001). Artemia sp. showed the ability to interconvert ω6- into ω3-FAs, i.e. 18:2ω6 into 18:3ω3 
and then to EPA, however, the conversion rates were less than 5% after two days of feeding (Ito 
and Simpson 1996; Schauer and Simpson 1985). The capacity for interconversion is shared by 
the nematode Caenorhabditis elegans as this organism was found to convert ω6-PUFA into ω3-
HUFA (Kang et al. 2001; Spychalla et al. 1997). The freshwater branchiopod Daphnia pulex 
converted C18-FA precursors to ARA and EPA, the latter in response to cold temperature 
(Schlechtriem et al. 2006). Several marine copepod species (Calanus finmarchicus, Calanoides 
acutus, Drepanopus forcipatus) incorporated the dietary precursor 18:3ω3 but contained little or 
no subsequent desaturation products (Bell et al. 2007). In contrast, feeding studies with 
copepods of the order Harpacticoida (Tisbe holothuriae and Tisbe sp.) suggested their capability 
of converting 18:3ω3 into HUFA. In particular, the accumulated, substantial amounts of EPA and 
DHA, after feeding on algae containing only small amounts of these FAs, were interpreted as the 
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result of synthesis (Nanton and Castell 1998). More recently, by means of FA-SIA, the capability 
of converting dietary EPA into DHA was demonstrated for the harpacticoid copepod 
Microarthridion littorale (De Troch et al. 2012a).  
Generally, it appears that the invertebrates’ capabilities for HUFA synthesis from dietary 
precursors are more extensive compared to vertebrates, although this is still a largely 
unexplored research field. 
In addition to synthesis/ conversion capabilities related to HUFA, research has focused on 
characteristic FAs resulting from de novo synthesis in certain organisms. These ‘biomarker’ FAs 
are extremely useful for trophic food web untangling. As previously discussed, herbivorous 
calanoid copepods, particularly those of high-latitudes accumulate large oil reserves composed 
predominantly of WEs. These WEs consist of fatty alcohols 16:0 and the characteristic LC-
monounsaturates 20:1ω9 and 22:1ω11, mainly formed de novo from non-lipid dietary 
precursors (Figure 1.10). These fatty alcohols are esterified with various FAs, often PUFA which 
are largely of dietary, phytoplanktonic origin (Sargent and Falk-Petersen 1988). Another 
curiosity are the ‘non-methylene-interrupted’ (NMI) PUFA that can be synthesized endogenously 
by several molluscs and sponges (Monroig et al. 2013). Currently, a lot of effort goes to the 
identification of the molecular mechanisms behind the synthetic pathways that produce these 
unusual FAs. 
 
Figure 1.10: Major pathways of FA de novo synthesis in herbivorous calanoid copepods (Dalsgaard et al. 
2003).  
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1.6. Copepods – pivotal FA conveyors  
The structural and physiological importance of EFAs combined with their restricted de novo 
synthesis explains the strong conservation of EFAs throughout the food web. First-level 
consumers occupy a ‘privileged’ trophic position in aquatic food webs as they have direct access 
to a wide range of dietary FAs, including EFAs. Among first-level consumers, copepods are of 
particular interest as they constitute the main prey of fish in marine ecosystems globally and are 
thus important energy and EFA conveyors from primary producers to higher trophic levels 
(Tocher 2003). 
In turn, copepods have to cope with quantitative and qualitative fluctuations in primary 
production in their particular environment (Azovsky et al. 2005; Davis and Alatalo 1992; Lee et 
al. 2006; Tiselius 1998). In order to tackle the periods of limited EFA availability, they may 
selectively feed on high quality food (Azovsky et al. 2005; De Troch et al. 2006; Meunier et al. 
2016) prior to food-stress periods and accumulate HUFA under high food quality conditions 
(Lee et al. 2006). Furthermore, they may selectively retain EFAs (Koussoroplis et al. 2014), or 
convert dietary precursor FAs (De Troch et al. 2012a; Sargent and Falk-Petersen 1988). 
Altogether, these adaptations allow consumers to keep performing essential physiological 
processes, using stored HUFA, even when they are scarce in the diet (Twining et al. 2015), with 
the ultimate aim of ensuring survival.  
For instance, the previously described storage FA accumulation and de novo synthesis of LC-
MUFA during the short feeding season are important means for several Calanus sp. to cope with 
the high seasonally-pulsed primary production, characteristic of high-latitudinal environments 
(Dalsgaard et al. 2003; Kattner and Hagen 1995; Lee et al. 2006). They provide the main source 
of metabolic energy during overwintering and support reproduction. In particular, they allow 
gonad development in females, while males consume large amounts of energy during 
reproduction due to physical activity (Sargent and Falk-Petersen 1988). Another example 
concerns benthic copepods (order Harpacticoida) which seem to have the ability to synthesize 
HUFA, possibly related to the poor food quality they encounter in detritus-rich habitats, in 
contrast to calanoid copepods (order Calanoida) (Monroig et al. 2013).  
In summary, copepods are able to ‘repack’ algal-FAs considerably, before they reach the food 
web top and it is thus of prime importance to understand the underlying biochemical 
mechanisms in these crustaceans as they have cascading effects higher up the food web. 
In contrast to the large body of information available for the ‘juicy’ larger calanoid copepods, 
little is known about their benthic counterpart, harpacticoid copepods. The order Harpacticoida 
of the subclass Copepoda are essentially free-living, benthic copepods (Hicks and Coull 1983) 
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and are the study organisms of interest in this thesis. They are cosmopolitans, occurring from 
the intertidal zone to the deep sea (Azovsky et al. 2012) and can be found from the poles to the 
equator (Chertoprud et al. 2010; Veit-Köhler et al. 2010). Harpacticoid copepods belong to the 
group of meiofauna, metazoans passing through a sieve with a mesh of 1 mm and being retained 
on a mesh of ca. 40 µm (Heip et al. 1985). Their body morphology reflects adaptation to different 
life modes including epiphytic (phytal), epibenthic, interstitial (sandy sediments) or burrowing 
(muddy sediments) (Hicks and Coull 1983).  
Harpacticoid copepods, as part of the meiofaunal community, constitute an important 
component of marine-benthic food webs (Buffan-Dubau and Carman 2000; De Troch et al. 1998; 
2005; Kuipers et al. 1981). They are significant consumers of microphytobenthos and can 
regulate their behavior to maximize intake of food (Montagna et al. 1995). In turn, harpacticoid 
copepods are prey for macrofauna, as well as for larval and juvenile fish (Buffan-Dubau and 
Carman 2000; De Troch et al. 1998). Considering their pivotal position, increased knowledge on 
their FA dynamics and in particular, on their conversion capabilities (De Troch et al. 2012a) may 
contribute substantially to our understanding of energy flow in benthic food webs. 
1.7. Temperature – an important abiotic factor  
Superimposed on the variable food supply and thus also EFAs, copepods are confronted with 
fluctuating abiotic conditions in their natural habitat. Among these abiotic factors, 
environmental temperature is an important consideration for FA research in ectotherms. It has 
an impact on all levels of biological organization and is a crucial determinant of the performance 
of living systems (Kraffe et al. 2007).  
First, as previously mentioned, temperature has a profound impact on the phase behavior and 
physical properties of lipids in biological membranes. Considering that membranes are (1) 
physical barriers, (2) mediate transmembrane movement, (3) regulate the use of stored energy 
in transmembrane ion gradients, (4) provide an organizing matrix for the assembly of 
multicomponent metabolic and signal transduction pathways, and (5) supply precursors for the 
generation of lipid-derived second messengers, temperature-induced perturbations in 
membrane organization pose a serious challenge to the maintenance of physiological function in 
ectotherms (Hazel 1995). Optimal membrane functioning is restricted to a limited range of 
membrane fluidities. If temperature is raised acutely, fluidity increases beyond the optimal 
range and the membrane becomes ‘hyperfluid’. Conversely, when temperature drops, fluidity 
falls below the optimal range and membrane activities are constrained (Hazel 1995). However, 
organisms can remodel their membrane composition to feature membranes with physical 
properties appropriate to their thermal environment, a response known as ‘homeoviscous 
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adaptation’ (Hazel 1995). For example, an increase in FA unsaturation upon cold exposure 
lowered the average transition (‘chain-melting’) temperature of the membrane and may restore 
membrane function (Guschina and Harwood 2006a). 
Initial studies investigating the impact of temperature on zooplankton FAs hypothesized that the 
species’ capability for membrane adaptation explained certain life-cycle strategies (Brett et al. 
2009). In particular, freshwater zooplankton (copepods) that overwinter in an active phase 
were able to strongly modify their FA composition in response to temperature variation. In 
contrast, zooplankton that rather overwinter as resting eggs (cladocerans) were assumed to 
show only reduced capability for membrane adaptation. Furthermore, these studies stressed the 
particular importance of DHA for zooplankton cold-water adaptation (Farkas 1979; Farkas et al. 
1984). However, more recent work suggests that cladocerans (Daphnia sp.) do show cold-
induced membrane adaptation (Schlechtriem et al. 2006) and that some species are able to 
overwinter in ice-covered lakes (Arts et al. 1992). Furthermore, mainly the first and second 
double bond introductions cause a massive change in transition temperature (Guschina and 
Harwood 2006a). Also the high EPA and DHA content of tropical marine copepods further 
questions their impact on membrane fluidity and suggests that these molecules play important 
roles in membrane structure and function (Brett et al. 2009). There are still many open 
functional questions, which need to be studied in the context of biomembrane structure and 
function (Kattner and Hagen 2009).  
A second incentive to consider the impact of temperature in FA research, is its impact on 
metabolism. Metabolism sustains life. It is the biological processing of energy and materials. 
Organisms take up energetic and material resources from the environment (e.g. dietary FAs), 
convert them into other forms within their bodies, allocate them to the fitness-enhancing 
processes of survival, growth and reproduction, and excrete altered forms back into the 
environment (Brown et al. 2004; Gillooly et al. 2001). Metabolism therefore determines the 
demands that organisms place on their environment for all resources, and simultaneously sets 
powerful constraints on allocation of resources to all components of fitness. The overall rate of 
these processes, the metabolic rate, sets pace of life. It determines the rate of almost all 
biological activities (Brown et al. 2004). Temperature influences the metabolic rate through its 
impact on the kinetic energy of molecules and thus the rate of biochemical reactions (Guderley 
and St-Pierre 2002; Kraffe et al. 2007). This also affects the ‘metabolic cost of living’, i.e. the 
metabolic energy required for basal maintenance (Brown et al. 2004; Gillooly et al. 2001) 
(Figure 1.11). Probable candidates for the higher existence costs at warmer temperature 
include protein turnover, osmoregulation and maintenance of mitochondrial proton balance, all 
of which are important consumers of ATP (Clarke 2003). Within a certain optimum temperature 
range, enough metabolic energy is left after the maintenance costs are covered, for investment in 
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production (high scope for growth). Deviating from this optimum range, temperature becomes a 
stressor and increased maintenance costs impose a rearrangement of the energy budget with 
resulting trade-offs to ensure survival (box 4). 
 
Figure 1.11: Summary of the major ATP-producing and -consuming pathways in aquatic invertebrates. 
Carbohydrates (glycogen and glucose) and free amino acids (FAA) from proteins and/ or intracellular FAA 
pools can be oxidized (an)aerobically, while lipids are predominantly catabolized in aerobic pathways. 
Catabolization of lipids (e.g. palmitate 16:0) result in the highest ATP yields. Generated ATP is used to 
support basal maintenance functions or can be invested in production. Systemic activities include 
ventilation and circulation. Modified from Sokolova et al. (2012). 
The impact of environmental temperature on the organism’s biomembranes but also on 
metabolism and thus energy budget advocate that in addition to diet, environmental 
temperature is a major determinant for FA dynamics. Therefore, the copepod’s adaptive 
responses to a fluctuating food and EFA supply will be studied by analyzing the copepod’s 
membrane and storage FA content and composition under different temperatures.   
We hypothesize that these FA mechanisms, i.e. FA utilization and retention, but also 
accumulation and conversion, are temperature-dependent processes. Consequently, 
temperature will be a recurrent factor of interest throughout the different chapters of this PhD 
research.  
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Box 4: Energy allocation under environmental stress 
Aerobic scope for growth, the proportion of the energy flux that is left after the basal 
maintenance costs of an organism are met, is highest when the level of an environmental factor 
is in the ‘optimum’ range. The ATP supply via aerobic metabolism is sufficiently high to cover the 
maintenance costs as well as activity, growth, reproduction/ development and their respective 
energy costs. The excess of energy can be deposited in storage compounds/ tissues (e.g. FAs). 
During moderate stress (pejus range) the maintenance costs increase due to compensation for 
stress protection and damage repair (b I - Figure 1.12), or metabolism and/ or food assimilation 
is impaired by the stressor (b II - Figure 1.12). As a result the aerobic scope declines. Energy 
accumulated in storage tissues is used up to fuel essential processes. During extreme stress 
situations (pessimum range), the progressive rise in ATP demand for maintenance (c I - Figure 
1.12) or the progressive impairment of aerobic metabolism (c II - Figure 1.12) overrides ATP 
supply via aerobic metabolism (transition phase II). The aerobic scope for growth disappears 
and metabolism switches to partial anaerobiosis to compensate for the insufficient aerobic 
energy supply to fuel the essential maintenance costs and to allow for short-term survival. 
Regarding temperature, the transition to partial anaerobiosis occurs well before the onset of 
lethal temperatures but heralds a time-limited situation, where only a temporal survival of a few 
days to a few weeks is possible (Sokolova et al. 2012).  
 
Figure 1.12: The bioenergetic framework integrates the physiological models of ‘oxygen- and capacity-
limited thermal tolerance’ with the fundamental tenets of energy allocation and trade-offs developed in 
the ‘dynamic energy budget’ models. The red arrows indicate the impact on and the direction of stress-
induced changes in ATP demand or ATP supply. Black arrows indicate the direction of the resulting trade-
offs. Remark: the size of the boxes corresponding to different energy-demanding processes do not 
necessarily reflect the actual energy allocation (from Sokolova et al. 2012). 
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1.8. Altered energy flow under global warming? 
Global warming may have direct temperature effects on the copepods’ physiology, i.e. the 
previously described homeoviscous adaptation and rearrangement of the energy budget due to 
increased maintenance costs. Generally, negative consequences for higher trophic levels are 
expected considering that their prey, copepods, may show a reduction in membrane-associated 
HUFA with warming (Gladyshev et al. 2011) and a decreased overall fitness e.g. reduced storage 
FA content.  
However, global warming may also have potentially negative, indirect effects on copepods 
through alteration of their food characteristics. First, food quality (the level of EFAs) of primary 
producers may decrease as a consequence of increased water temperature and subsequent 
homeoviscous adaptation. Some models predict a global decrease in EPA production of 8.2% and 
27.8% for DHA with an increase in water temperature of 2.5 °C, while ω6 and SFA are expected 
to increase (Hixson and Arts 2016). Second, in polar ecosystems, timing of high-quality food 
(PUFA) may be affected by warming, resulting in a ‘mismatch’ of trophic transfer. In the Arctic, a 
first peak in primary production occurs in late April during solid ice cover at the onset of the ice 
algal bloom, and the second PUFA peak occurs in July just after the ice break-up at the onset of 
the phytoplankton bloom. The reproduction and growth of the key Arctic grazer Calanus 
glacialis perfectly coincides with these two bloom events, respectively. Reduction of the sea ice 
thickness and coverage area may alter the current primary production regime due to earlier ice 
break-up and onset of phytoplankton bloom, with negative impacts for this key Arctic grazer and 
for the entire lipid-driven Arctic marine ecosystem (Søreide et al. 2010). 
Therefore, fundamental knowledge on FA dynamics in copepods may contribute to better 
predictions on the impact of warming on trophic coupling, and thus energy flow in marine food 
webs. In particular, this PhD research aims to understand to what extent harpacticoid copepods 
can ‘buffer’ fluctuating food (EFA) supply under different temperature regimes.  
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1.9. Rationale and outline of the thesis 
Copepods are known to occupy a privileged position as first-level consumers in marine food 
webs and naturally experience fluctuations in their food resources. As for planktonic copepods 
(order Calanoida), also benthic copepods (order Harpacticoida) possibly feature FA 
mechanisms, i.e. FA utilization and retention, accumulation and modification, to cope with this 
seasonality. Exploring the dynamics of both structural and storage FA pools in harpacticoids 
under a range of diet-temperature regimes in an experimental context was adopted as the main 
research strategy in this PhD study. At the individual FA level, special attention was given to 
fluctuations of EPA and DHA. 
As a prologue, chapter 2 compares the thermal acclimation response of the congeneric 
calanoids A. tonsa and A. clausi, as inferred from their membrane FA composition. Despite the 
popularity of FA research for larger, northern-latitude calanoid copepods, little information is 
available for smaller-sized calanoids such as Acartia, which were collected from a fjord along the 
Swedish SW coast for the purpose of this study (Figure 1.13). The central research question was 
whether the eurythermal invader A. tonsa features a more pronounced thermal acclimation 
response compared to A. clausi.  
The findings of this experiment have been published as Werbrouck E, Tiselius P, Van Gansbeke D, 
Cervin G, Vanreusel A, De Troch M (2016) Temperature impact on the trophic transfer of fatty acids 
in the congeneric copepods Acartia tonsa and Acartia clausi. J Sea Res 112:41-48. 
In chapter 3, FAs and carbon SI are combined as trophic markers to gain insight into the feeding 
ecology of Antarctic harpacticoid copepods, collected from distinct habitats during austral 
summer (Figure 1.13). This dual approach provides time-integrated complementary 
information for food source identification. An additional feeding experiment, in which the 
harpacticoid Alteutha potter was fed several 13C-labeled diatom species under two temperature 
regimes, further informs on food preference and lipid dynamics.   
Antarctic organisms have to cope with stable, constantly cold temperatures and a strong 
seasonally-pulsed food supply. Consequently, we hypothesize that the adaptation to this 
extreme environment is reflected by the lipid characteristics of the consumers. Antarctic 
harpacticoids are thus an interesting counterpart for the temperate harpacticoid species 
investigated within this PhD context. 
Chapters 4, 5 and 6 investigate different FA mechanisms in a harpacticoid, induced by a range 
of diet-temperature regimes. To this purpose, the temperate, epibenthic harpacticoid 
Platychelipus littoralis was chosen as test organism (Figure 1.13). Its feeding ecology has been 
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studied previously (Cnudde et al. 2012, 2015). As inhabitant of the intertidal, the species 
experiences a broad temperature range, and its food supply is not as limited compared to polar 
ecosystems. Consequently, its FA mechanisms may be representative for first-level consumers 
adapted to this ecosystem.   
Chapter 4 provides insight into the dynamics of structural and storage FAs in response to 
temperature and available resources (mono versus mixed diatom diets). The main objectives 
were (1) to capture the thermal acclimation response of the copepod, (2) to evaluate its fitness 
based on storage FA content, survival and nauplius abundance and (3) to record the dynamics of 
EPA and DHA, in both lipid pools. To this purpose, P. littoralis individuals were incubated at 4, 
15 °C (normal range) and 24 °C (elevated temperature) and alterations in membrane and 
storage FA pools were recorded.  
The outcomes have been published as Werbrouck E, Van Gansbeke D, Vanreusel A, Mensens C, De 
Troch M (2016) Temperature-induced changes in fatty acid dynamics of the intertidal grazer 
Platychelipus littoralis (Crustacea, Copepoda, Harpacticoida): Insights from a short-term feeding 
experiment. J Thermal Biol 57:44-53.  
Considering the large contribution of storage FAs to the overall FA pool, chapter 5 further 
focuses on the time-frame of storage depletion and the importance of storage FAs for survival of 
starved copepods. Additionally, we investigated whether the mobilization of FAs from storage 
lipids occurs selectively and if this process is temperature-dependent (4, 15 and 24 °C). The 
latter implies a controlled use of storage FAs by the harpacticoid copepods, not only as an 
adaptation to the lack of food by e.g. selective retention of EFAs, but also to its thermal 
environment. Parallel screening of membrane FAs along with starvation informed on the 
copepods’ physiological condition.  
The results have been published as Werbrouck E, Van Gansbeke D, Vanreusel A, De Troch M 
(2016) Temperature affects the use of storage fatty acids as energy source in a benthic copepod 
(Platychelipus littoralis, Harpacticoida). PLoSONE doi: 10.1371/journal.pone.0151779. 
Whereas chapter 5 focuses on storage FA utilization, chapter 6 highlights the reverse process, 
i.e. the recovery of both structural and storage FAs, after a brief period of famine. In particular, 
storage FAs were dramatically reduced after 3 days of famine, therefore, the question rose 
whether successful FA recovery occurs within a similar timeframe. Copepods were refed with 
high and low quality food, discerned by the presence of EFAs, under different temperatures 
(4, 15 and 24 °C). Moreover, the set-up allowed to investigate the copepod’s capabilities for ARA, 
EPA and DHA synthesis from dietary precursor FAs and to assess how this process is influenced 
by temperature. 13C-labeling of low quality food and subsequent SI probing of ARA, EPA and 
DHA associated with the copepod’s structural and storage lipids appeared a successful strategy 
to serve this research objective.  
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Finally, the general discussion (chapter 7) integrates the findings of the individual chapters. In 
section 7.1, lipid characteristics and FA signatures from harpacticoids inhabiting polar 
(Antarctic) and temperate environments are contrasted and interpreted in a broader ecological 
context. Section 7.2 identifies recurrent FA responses in membrane and storage lipids of a 
temperate harpacticoid, exposed to a gradient of stress, resulting from the plethora of diet-
temperature treatments. These responses are subsequently interpreted within a broader 
physiological context. Section 7.3 elaborates on future research opportunities and contains some 
methodological recommendations.  
 
Figure 1.13: Origin of the study organisms in this doctoral thesis. Modified from [4] 
Outline of the thesis 
Apart from the general introduction and discussion, this thesis is a compilation of different 
research articles which have been published, submitted or are in preparation for peer-review. 
Therefore, the outlines of the chapters resemble almost exactly the published or submitted papers. 
Each chapter represents an independent, autonomous part and can be read separately from the 
other chapters. For that reason, there is some overlap between the introduction, methodology and 
discussion sections of the different chapters. In particular, the procedures of lipid fractionation, FA 
derivatization and analysis were identical for all experiments. 
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2.1. Abstract 
Copepods of the genus Acartia occur worldwide and constitute an important link to higher 
trophic levels in estuaries. However, biogeographical shifts in copepod assemblages and 
colonization of certain European estuaries by the invader A. tonsa, both driven or enhanced by 
increasing ocean temperature, raise the pressure on autochthonous copepod communities. 
Despite the profound effect of temperature on all levels of biological organization, its impact on 
the fatty acid (FA) dynamics of Acartia species is understudied. As certain FAs exert a bottom-up 
control on the trophic structure of aquatic ecosystems, temperature-induced changes in FA 
dynamics of Acartia species may impact higher trophic levels. Therefore, this study documents 
the short-term temperature responses of A. tonsa and A. clausi, characterized by their warm- 
versus cold-water preference respectively, by analyzing the FA profiles of their membrane and 
storage lipids under 5 and 15 °C. A. tonsa and A. clausi specimens that were offered an ad libitum 
diet of the diatom Thalassiosira weissflogii (cf. bloom conditions) under 15 °C increased their 
storage FA content substantially. Furthermore, the largest difference in membrane FA 
composition between 5 and 15 °C exposed copepods was observed for A. tonsa. In particular, the 
proportions EPA and monounsaturated FAs in the membrane lipids were higher after 5 °C 
exposure. Potentially, this reflects the more eurythermal character of A. tonsa. 
2.2. Introduction 
Strong biogeographical shifts in all the calanoid copepod assemblages have been observed in the 
eastern North Atlantic Ocean and the European shelf seas during the period 1960–1999. Both 
the increasing trend in Northern Hemisphere temperature and the North Atlantic Oscillation 
were identified as the drivers, and forced the northward extension of warm-water species at the 
expense of the number of colder-water species (Beaugrand et al. 2002). The latter study 
recognized Acartia species as part of the cold-temperate copepod assemblage which are 
typically composed of indicator species of mixed waters, more usually found at the boundary 
between warm water and subarctic water. Acartia species often dominate the zooplankton 
community of estuarine ecosystems and these congeneric copepods are known for their spatial 
and seasonal segregation patterns associated with hydrological conditions, seasonal variability, 
trophic status and pollution (Aravena et al. 2009). In addition to the impact of climatic warming, 
recent invasions of the copepod Acartia tonsa in European estuaries, may further increase the 
pressure on autochthonous copepod communities.  
In particular, A. tonsa appeared in Europe in the first half of the 20th century, possibly 
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introduced through ship ballast water from North America, and seemed to colonize 
progressively European seas and estuaries (Brylinski 1981; David et al. 2007). Although several 
natural and anthropogenic drivers contribute to its successful establishment, the increase in 
ocean temperature is also an important factor (Aravena et al. 2009; Chaalali et al. 2013; David et 
al. 2007). Recent case studies concern the oligo-mesohaline area of the Gironde estuary (David 
et al. 2007) and the estuary of Bilbao (Aravena et al. 2009) where A. tonsa copepods modified 
the seasonal pattern of the total copepod community and the spatial distribution of the native 
copepod Acartia clausi, respectively. As the autochthonous copepod community in estuaries 
constitutes an important link to higher trophic levels, especially regarding small pelagics such as 
sprats and the European anchovy (Chaalali et al. 2013), changes in seasonal zooplankton 
production may have profound ‘ripple’ effects for the whole ecosystem (Beaugrand and Reid 
2003). 
Temperature affects all levels of biological organization (Guderley and St-Pierre 2002) and 
consequently, its impact has been studied with respect to the egg production (Richmond et al. 
2006), the hatching success and the naupliar survival of Acartia species (Chinnery and Williams 
2004). Furthermore, temperature-induced changes in physiological responses such as 
respiration and grazing rates have been reported (Anraku 1964). However, the temperature 
response at the biochemical level i.e. the fatty acid (FA) content and composition of membrane 
and storage lipids remains understudied in Acartia species. This knowledge gap contrasts with 
the growing awareness that the availability of lipids, and their building blocks i.e. FAs may affect 
the trophic structure in aquatic ecosystems (Brett and Müller-Navarra 1997).   
In particular, Litzow et al. (2006) hypothesized that the transition of lipid-rich to lipid-poor fish 
communities are the result of climate-mediated changes in the availability of FAs EPA (20:5ω3) 
and DHA (22:6ω3), which are required by fish as precursors of hormones and components of 
cell membranes. The importance of lipids is not only reflected by their higher energy content per 
unit mass compared to carbohydrates and proteins (Weber 2011), but some of their building 
blocks, FAs, are considered essential compounds as animals can only produce them slowly (Klein 
Breteler et al. 2004). Therefore, animals depend on their diet to obtain them in sufficient 
amounts (Arts 1999). These essential fatty acids (EFAs) include EPA, DHA and ARA (20:4ω6) as 
they play a key role in several physiological and biochemical processes (Arts et al. 2001; Wallis 
et al. 2002). Temperature-induced changes in the FA dynamics of copepods may therefore 
impact the energy transfer to higher trophic levels. More specifically, at the cellular level, 
temperature can be regarded as a stressor challenging cells to establish a new equilibrium 
between their environment and the physicochemical properties of their membrane structures; a 
response called ‘homeoviscous adaptation’ (Arts and Kohler 2009; Sinensky 1974).   
Although the temperature response has been mainly studied at the level of the membrane lipids 
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(de Mendoza 2014; Hazel and Williams 1990; Pernet et al. 2007; Pruitt 1990), temperature 
might also affect the FA turnover (incorporation and mobilization) in the storage lipids (TAG, 
triacylglycerol) (Koussoroplis et al. 2014). In addition, some studies suggested the occurrence of 
cold adaptation in storage lipids based on an increased degree of unsaturated FAs (Kostal and 
Simek 1998; Van Dooremalen and Ellers 2010).   
A. tonsa is well-known for its cosmopolitan distribution and field studies reported its presence in 
estuaries of the Atlantic coast of North and South America, from Canada (47.5°N) to Argentina 
(45°S) (Caudill and Bucklin 2004). This concurs with experimental research that reported higher 
survival of A. tonsa to increasing temperatures, in contrast to A. clausi (Gonzalez 1974). The 
latter study related this to the ability of A. tonsa to adapt to a wide range of temperatures (−1 °C 
to 32 °C). In addition, Anraku (1964) highlighted the warm- and cold-water affinities of A. tonsa 
and A. clausi, respectively. The A. clausi population used in the current study, experiences 
fluctuating temperatures from −1 °C to 20 °C in its natural habitat, the Gullmarsfjorden 
(Sweden) (Leandro et al. 2006). Therefore, the congeneric copepods A. tonsa and A. clausi form 
excellent study organisms to detect any species-specific short-term temperature response based 
on the FA profiling of their membrane and storage lipids. In particular, this study poses the 
question whether A. tonsa has the advantage to adapt its membrane FA composition in response 
to temperature change in comparison to A. clausi. 
2.3. Material and Methods 
2.3.1. Diatom culture and copepod species 
Non-axenic Thalassiosira weissflogii diatoms (Göteborg University Marine Algal Culture Centre 
— strain GUMACC123) were grown in autoclaved, filtered (0.5 μm) seawater with Walne's 
medium (Walne 1970), supplemented with a silicate solution. The culture was incubated at 
22±1 °C under a 14:10 h light–dark period (315 μmol of photons m−2 s−1) and was kept in late 
exponential growth phase prior to the experiment. A. tonsa (Dana, 1849) specimens came from 
cultures (Sven Lovén Centre for Marine Research at Kristineberg, Sweden) that were incubated 
with filtered (0.3 μm) seawater at salinity 33 under 17 °C and exposed to indirect natural light 
conditions. These A. tonsa laboratory cultures originated from Øresund (Denmark), details 
provided in Tiselius et al. (1995). Every two days they were fed with the cryptophyte 
Rhodomonas salina. In May 2013, A. clausi (Giesbrecht, 1889) specimens were caught from the 
top 15 m layer in the Gullmarsfjorden (58°15.6′N, 11°27.2′E), Sweden, with horizontal tows of a 
plankton net (200 μm mesh) and a 10 L plastic bag as cod end. Sea surface temperature at the 
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time of sampling was 7 ± 1 °C. A mix of CV, CVI (copepodite stages V and VI) and adult specimens 
were handpicked from the cultures (A. tonsa) and the collected zooplankton assemblage 
(A. clausi). Prior to the experiment, triplicate samples of A. tonsa from cultures and A. clausi from 
the field were starved overnight (for emptying the gut) and stored at −80 °C for later lipid 
fractionation and FA analysis. Similarly, control samples of T. weissflogii and R. salina were 
stored for further lipid fractionation and FA analysis (Appendix Table 2.3). 
2.3.2. Experimental set-up 
Triplicates of 200 A. tonsa or A. clausi specimens (stage CV to adult) were incubated in 2.4 L 
Duran glass bottles (Schott) with filtered (0.3 μm) seawater and kept at 5±1 °C and 15±1 °C 
under a 12:12 h light–dark cycle receiving 25–50 μmol photons m−2 s−1 for 10 days. Seawater in 
the experimental units had a salinity of 33 corresponding to the natural salinity in the 
Gullmarsfjorden at the time of sampling and the salinity of the A. tonsa cultures. Therefore, 
salinity stress can be disregarded in the experimental set-up. Every two days, the copepods in all 
experimental units were fed with an equal number of T. weissflogii cells to keep a nominal 
concentration of 5000 cells ml−1. Cell densities were determined using a particle counter (Elzone 
5380). Occurrence of nutritional stress in both copepod species during the experiment was 
excluded, given the nutritional value of the diatom T. weissflogii (Koski et al. 2008) and its ad 
libitum presence in the experimental units. All experimental units were gently shaken twice a 
day to resuspend settled T. weissflogii cells. After 10 days, the entire bottle content was sieved 
through 200 µm, after which copepod survival was recorded. After overnight starvation, 
copepod samples were stored at −80 °C for later lipid fractionation and FA screening. 
2.3.3. Lipid fractionation and FA analysis 
Total lipids of freeze-dried algae and copepods were extracted with a modified Bligh and Dyer 
extraction (Findlay et al. 1989). Subsequently, the total lipid extract was fractionated on silicic 
acid columns (Merck) into different polarity classes (i.e. mass fractions) by sequential eluting 
with chloroform, acetone and methanol (Christie 1989). Derivatization of phospholipid FAs 
(membrane lipids) in the methanol fraction to FAMEs (fatty acid methyl esters) was obtained 
using a mild alkaline methanolysis as in Boschker et al. (1999). FAs associated with the acetone 
(glycolipids) and chloroform fractions (storage lipids) were derivatized using a modified method 
after Abdulkadir and Tsuchiya (2008). FAME of 19:0 (Fluka 74208) was added as internal 
standard. In order to obtain sufficient concentrations to reach the detection limits, the FAMEs 
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were concentrated to 200 μl hexane in glass vials with inserts. FAMEs were injected and 
analyzed using a Hewlett Packard 6890N gas chromatograph coupled to an HP 5973 mass 
spectrometer as in De Troch et al. (2012a). The samples were run in splitless mode injecting 1 μl 
at an injector temperature of 250 °C using an HP88 column (Agilent J&W; Agilent). The oven 
temperature was programmed at 50 °C for 2 min, followed by a ramp at 25 °C min−1 to 175 °C 
and then a final ramp at 2 °C min−1 to 230 °C with a 4 min hold. The FAMEs were identified by 
comparison with the retention times and mass spectra of authentic standards and mass spectral 
libraries (WILEY, own library) and analyzed using the software MSD ChemStation (Agilent 
Technologies). Quantification of individual FAMEs was accomplished by the use of a component 
FAME and BAME mix (Supelco #47885 and #47080 respectively, Sigma-Aldrich) and completed 
with additional standards (Larodan). The quantification function of each individual FAME was 
obtained by linear regression of the chromatographic peak areas and corresponding known 
concentrations of the standards (ranging from 25 to 200 μg ml−1). One replicate chromatogram 
of A. tonsa storage lipids (15 °C) was omitted from further analyses as its peak pattern appeared 
unreliable. Shorthand FA notations of the form A:BωX are used, where A represents the number 
of carbon atoms, B gives the number of double bonds, and X gives the position of the double 
bond closest to the terminal methyl group. The FA concentrations were standardized for the 
number of copepods in the sample as A. tonsa and A. clausi were characterized by an equal 
prosome length (848 ± 23 μm and 836 ± 31 μm) and weight (4.2 μg C and 4.0 μg C). 
2.3.4. Data analysis 
The effects of temperature and copepod species on survival (%) were tested with a two-way 
ANOVA using the software SPSS (IBM© SPSS© Statistics Version 22) (significance level < 0.05). 
Furthermore, three-way ANOVA tests with the factors of temperature (5–15 °C), copepod 
species (A. tonsa–A. clausi) and lipid fraction (membrane lipids–storage lipids) were performed 
for the following variables: the concentrations of summed FA, EPA, DHA and ARA, the 
percentages of the FA classes: UFA (unsaturated FAs), MUFA (monounsaturated FAs), PUFA 
(polyunsaturated FAs), HUFA (highly unsaturated FAs), ω3 (omega 3 FAs), ω6 (omega 6 FAs) 
and the ratios U/S (unsaturated FAs/saturated FAs) and 16:0/18:0. PUFA are defined as 
polyunsaturated FA i.e. FA with > 1 double bond while HUFA are highly unsaturated FA i.e. FA ≥ 
20 carbon atoms and ≥3 double bonds. Changes in original concentrations of summed FAs were 
detected using the factors of origin (field/culture–5°C–15 °C) and lipid fraction with a two-way 
ANOVA. In case of significant differences, Tukey HSD post hoc tests were applied to detect 
pairwise differences, using 95% confidence limits. 
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Absolute concentration data were log transformed in order to meet the assumptions of 
normality and homogeneity of variances. In case the assumptions were not met after 
transformation, a three-way PERMANOVA test was performed using Primer 6 Version 6.1.11 and 
1.0.1 (Clarke and Gorly 2006). PERMDISP tests were applied to check for the homogeneity of 
variance among the tested groups (p < 0.05). Monte Carlo (MC) samplings were used as pairwise 
tests because of the limited number of possible permutations (Anderson and Robinson 2003). 
When a significant three-way interaction term was present, the effect of each factor was 
analyzed separately (one-way test). The symbol ~ refers to an interaction between factors. Prior 
to the multivariate analysis, relative FA compositions of the storage and membrane lipids were 
arcsine square root transformed in order to meet the assumptions for normality and 
homogeneity of variances. Subsequently, a non-metric multidimensional scaling method (nMDS) 
(Bray–Curtis similarity) ordered the samples in a low-dimensional space (Primer 6 software). 
One-way analysis of similarity tests (ANOSIM) were conducted to test whether the data 
clustered according to the incubation temperature. In case ANOSIM indicated significant 
temperature grouping, similarity percentage analysis (SIMPER) was performed to reveal the FAs 
contributing most to the observed differences. Glycolipids were not tested statistically as they 
represented only a minor fraction of the total lipid content (< 10%). 
2.4. Results 
2.4.1. Copepod survival 
The overall survival (%) of A. clausi was significantly higher compared to A. tonsa (p < 0.01). 
However, both copepod species responded similarly to temperature (no temperature ~ copepod 
interaction) with the highest survival after incubation at 5 °C compared to 15 °C for both A. tonsa 
(55±4% versus 33±3%) and A. clausi (76±3% versus 51±1%) (p < 0.01). 
2.4.2. Temperature response of the lipid classes 
The temperature response of the membrane and storage FA concentrations was similar in both 
Acartia species (no temperature ~ species interaction). However, the lipid fractions responded 
differently to temperature (p < 0.001 for temperature ~ lipid fraction). More specifically, the 
highest storage FA concentration was observed at 15 °C (463.6 ± 48.6 ng/ind. and 579.9 ± 88.5 
ng/ind.) compared to 5 °C (165.4 ± 65.5 ng/ind. and 238.8 ± 33.3 ng/ind.), for A. tonsa and 
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A. clausi, respectively (Tukey HSD, p < 0.001), while the membrane FA concentration remained 
similar (Figure 2.1). 
Membrane lipids 
The FA composition of the membrane lipids changed in response to temperature in both 
copepod species (ANOSIM, global R=1 and R=0.934 for A. tonsa and A. clausi, respectively). 
However, the temperature impact on the membrane FA composition was more pronounced in 
A. tonsa compared to A. clausi, as shown by the average dissimilarity percentages of 13.28% and 
7.62%, respectively (SIMPER, Table 2.1). In both copepod species, the relative concentrations of 
18:0 and DHA were higher at 15 °C compared with 5 °C, although to a limited extent in A. clausi 
(Table 2.2 a). Species-specific alterations included an increase in the relative concentration of 
EPA in A. tonsa after 5 °C exposure (Table 2.2 a). Furthermore, ARA was not detected in the 
membrane lipids of both Acartia species, prior to the experiment. However, incubation under 
5 °C and 15 °C, increased the ARA proportions in the membrane lipids of A. clausi to 0.4±0.3% 
and 0.7±0.2%, respectively.   
Temperature did not affect the absolute concentration of the EFAs, EPA and DHA in the 
membrane lipids of both Acartia species (Figure 2.2). However, the EPA and DHA 
concentrations in the membrane lipids were higher in A. clausi compared to A. tonsa 
(both p < 0.01). At the level of the FA classes, exposure to 5 °C yielded a higher 16:0/18:0 ratio in 
both Acartia species (MC p < 0.01) (Table 2.2 a). The MUFA% in the membrane lipids increased 
only significantly in A. tonsa at lower temperature (from 5.9±0.6% to 8.0±0.6%) (MC p < 0.05). 
Neither UFA%, PUFA%, HUFA%, ω3%, ω6 % nor the ratio U/S in the membrane lipids changed 
in response to temperature. Finally, the diet switch from R. salina (A. tonsa) and from a natural 
field diet (A. clausi) to the diatom T. weissflogii left the original membrane FA concentration 
unchanged despite significant alterations in the composition (SIMPER, Table 2.1). 
Table 2.1: Summary of the SIMPER results: pairwise comparisons with average dissimilarity percentages 
and top three FAs contributing most to the observed differences 
Membrane lipids       Storage lipids     
A. tonsa 
   
A. tonsa 
  
5°C - 15°C  13.28% 22:6ω3; 18:2ω6c; 18:0 
 
5°C - 15°C  6.40% 18:4ω3; 16:2ω6; 16:0 
culture - 5°C  20.55% 22:6ω3; 20:5ω3; 16:1ω7 
 
culture - 5°C  42.14% 18:0; 16:3ω4; 16:1ω7 
culture - 15°C  18.45% 18:3ω3; 18:2ω6c; 16:1ω7  culture - 15°C  44.41% 16:3ω4; 16:2ω6; 16:1ω7 
A. clausi 
   
A. clausi 
  
5°C - 15°C  7.62% 18:4ω3; 18:3ω3; 18:0 
 
5°C - 15°C  5.25% 18:4ω3; 16:3ω4; 16:1ω7 
field - 5°C  19.44% 22:6ω3; 20:5ω3; 16:1ω7 
 
field - 5°C  32.57% 22:6ω3; 16:3ω4; 16:1ω7 
field - 15°C  18.97% 22:6ω3; 20:5ω3; 16:1ω7   field - 15°C  34.60% 22:6ω3; 16:3ω4; 16:1ω7  
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Figure 2.1: The lipid profile (ng FA/ ind.) of A. tonsa and A. clausi as indicated by their membrane lipids, 
glycolipids and storage lipids; mean+1SD for glycolipids, mean-1SD for membrane and storage lipids 
 
 
Figure 2.2: (a) EPA concentration, (b) DHA concentration (ng/ ind.) (mean±1 SD) in the membrane 
(white) and storage lipids (grey) of A. tonsa and A. clausi 
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Storage lipids 
The storage FA composition was impacted by the ambient temperature in both copepod species 
(ANOSIM, global R=0.750 and 0.778 for A. tonsa and A. clausi, respectively). The impact was 
comparable between A. tonsa and A. clausi as illustrated by the low average dissimilarities 
(6.40% and 5.25%, respectively) (SIMPER, Table 2.1). In both species, the relative 
concentration 18:4ω3 was higher after incubation at 5 °C (Table 2.2 b). Furthermore, the 
proportion of ARA in the storage lipids was higher after 15 °C incubation compared with 5 °C, in 
both A. tonsa (0.5±0.1% versus 0.3±0.1%) and A. clausi (0.5±0.2% versus 0.2±0.1%). Other 
changes in FA composition were species-specific. At 15 °C, higher relative concentrations of 
16:2ω6 and 16:1ω7 were recorded in A. tonsa and A. clausi, respectively. Exposure to 5 °C 
yielded a higher relative concentration of 16:0 and 16:3ω4 in A. tonsa and A. clausi, respectively 
(Table 2.2 b).  
The EPA concentration in the storage lipids increased with rising temperature (Tukey HSD, 
p < 0.01), while the DHA concentration in the storage lipids remained similar for both copepod 
species (Figure 2.2). Similar to the membrane lipids, temperature did not alter the UFA% or the 
ratio U/S in the storage lipids (Table 2.2 b). However, the MUFA% in the storage lipids of 
A. clausi increased after incubation at higher temperature (from 26.7±0.3% to 34.1±0.7%) 
(MC p < 0.05). The PUFA% in the storage lipids decreased only significantly in A. clausi with 
rising temperature (from 47.3±0.6% to 40.2±0.8%) (temperature ~ species; species ~ lipid 
fraction, both p < 0.05) (Table 2.2 b). The HUFA% in the storage lipids was not affected by 
temperature, while the ω3% decreased in A. clausi after incubation at 15 °C (from 37.0±0.6% to 
30.8±0.8%) (temperature ~ lipid fraction; species ~ lipid fraction, both p < 0.05). The ω6% in 
the storage lipids of A. tonsa increased with temperature (from 6.1±0.2% to 7.4±0.1%).   
Finally, the diet switch from R. salina (A. tonsa) and from a natural field diet (A. clausi) to the 
diatom T. weissflogii increased the original storage FA content of A. tonsa (7.8±2.2 ng FA/ind) 
and A. clausi (47.0±15.3 ng FA/ind.) under both incubation temperatures (p < 0.001 for origin ~ 
lipid fraction; Tukey HSD, all p < 0.001). Furthermore, the original storage FA composition 
changed a little more after incubation at 15 °C compared to 5 °C in both A. tonsa (44.41% versus 
42.14%) and A. clausi (34.60% versus 32.57%) (SIMPER, Table 2.1). 
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Table 2.2: Relative FA composition (%) (mean ± 1 SD) of the (a) membrane and (b) storage lipids in 
A. tonsa and A. clausi prior and after 10 days of incubation at 5 °C and 15 °C. tr, traces (< 1%); other FAs, 
sum of all FAs < 1% in all treatments 
 (a) Membrane lipids 
 
A. tonsa 
 
A. clausi 
  culture 5 °C  15 °C 
 
field 5 °C  15 °C 
14:0 1.0±0.3 1.7±0.4 1.5±0.5 
 
tr 1.5±0.2 1.0±0.2 
16:0 12.0±1.4 17.0±2.4 15.2±1.2 
 
13.6±1.7 13.5±0.8 13.0±1.0 
16:1ω7 1.0±0.2 4.3±0.3 3.3±0.6 
 
tr 2.3±0.1 2.5±0.1 
17:0 1.6±0.1 tr tr 
 
tr tr tr 
18:0 6.1±0.4 2.9±0.3 5.4±0.3 
 
2.2±0.05 1.7±0.1 2.8±0.3 
18:1ω9c 2.3±0.1 2.2±0.1 1.5±0.04 
 
1.2±0.2 2.4±0.1 2.7±0.1 
18:2ω6c 1.4±0.01 1.2±1.1 - 
 
tr tr tr 
18:3ω3 1.3±0.2 tr - 
 
tr tr - 
18:4ω3 tr 1.0±0.02 tr 
 
1.3±0.3 1.6±0.2 tr 
20:5ω3 (EPA) 15.4±0.3 22.2±2.0 18.3±1.1 
 
18.3±1.7 25.3±0.3 24.8±0.7 
22:6ω3 (DHA) 54.7±2.8 40.9±3.3 48.7±2.9 
 
57.3±4.3 45.7±0.2 47.7±1.4 
other FAs 2.4±0.2 5.7±0.5 4.7±0.7   3.1±1.3 5.3±0.6 4.1±0.4 
∑UFA 78.8±2 76.8±3.8 76.1±2.7 
 
82.4±2.0 82.5±0.9 82.5±1.4 
∑MUFA 4.3±0.3 8.0±0.6 5.9±0.6 
 
3.5±1.8 5.9±0.1 6.1±0.2 
∑PUFA 74.5±2.3 68.8±4.4 70.2±3.4 
 
78.9±3.2 76.7±0.8 76.5±1.6 
∑HUFA 71.0±2.5 64.6±5.7 68.0±3.8 
 
76.1±2.9 72.5±0.6 74.1±1.7 
∑ω3 73.0±2.3 65.9±5.8 69.1±3.4 
 
77.8±3.1 74.5±0.5 74.7±1.8 
∑ω6 1.4±0.01 2.5±1.3 tr 
 
1.1±0.3 1.5±0.3 1.4±0.3 
U/S 3.8±0.5 3.4±0.7 3.2±0.5 
 
4.7±0.7 4.7±0.3 4.8±0.5 
16:0/18:0 2.0±0.3 5.8±0.2 2.8±0.1   6.2±0.6 7.9±0.5 4.6±0.3 
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 (b) Storage lipids 
 
A. tonsa 
 
A. clausi 
  culture 5 °C 15 °C 
 
field 5 °C 15 °C 
14:0 6.2±1.8 8.7±0.9 9.9±1.0 
 
5.6±0.9 8.5±0.3 8.6±0.4 
i-15:0 - tr tr 
 
1.5±0.3 tr tr 
15:0 1.5±0.2 1.5±0.02 1.0±0.03 
 
1.5±0.1 1.3±0.1 1.0±0.1 
16:0 24.7±4.3 15.6±0.7 13.4±0.2 
 
17.8±1.5 13.5±0.1 13.7±0.5 
16:1ω5 - 1.2±0.2 tr 
 
1.1±0.2 1.1±0.1 1.0±0.05 
16:1ω7 4.7±0.4 23.0±0.2 23.9±0.3 
 
6.4±0.5 20.8±0.1 28.1±0.9 
16:1ω9 5.4±1.1 tr tr 
 
1.3±0.6 tr tr 
16:2 - 1.8±0.1 1.9±0.01 
 
- 1.8±0.1 1.5±0.1 
16:2ω6 - 4.3±0.1 5.6±0.2 
 
tr 4.8±0.05 4.1±0.1 
16:3ω4 - 12.7±0.6 14.4±0.1 
 
- 15.5±0.5 13.3±0.5 
18:0 14.1±4.2 3.1±0.5 2.8±0.2 
 
7.9±4.7 2.1±0.4 1.9±0.1 
18:1ω9c 2.8±0.2 1.2±0.001 1.3±0.04 
 
2.3±0.5 2.2±0.1 2.9±0.1 
18:1ω12c 5.2±0.9 1.3±0.1 1.7±0.2 
 
3.0±1.2 1.8±0.3 1.7±0.4 
18:2ω6c 5.1±1.4 tr tr 
 
3.2±0.6 tr tr 
18:3ω3 5.1±1.3 tr tr 
 
2.6±0.5 tr tr 
18:4ω3 5.5±3.6 7.7±0.1 5.3±0.4 
 
17.2±3.7 9.6±0.5 6.3±0.6 
20:4ω6 (ARA) 5.6±4.0 tr tr 
 
1.5±0.6 tr tr 
20:5ω3 (EPA) 7.7±0.5 11.6±0.4 11.8±0.6 
 
11.3±0.3 9.4±0.4 8.8±0.5 
22:6ω3 (DHA) 6.5±1.1 1.4±0.4 1.3±0.005 
 
11.5±1.9 2.3±0.2 2.0±0.3 
other FAs - 2.8±0.1 3.1±0.3   3.9±0.6 3.5±0.3 3.3±0.2 
∑UFA 53.5±6.2 70.6±0.8 72.6±0.5 
 
63.7±5.4 74.0±0.5 74.3±0.2 
∑MUFA 18.0±1.8 27.5±0.7 27.9±0.3 
 
14.7±2.2 26.7±0.3 34.1±0.7 
∑PUFA 35.5±7.7 43.1±0.1 44.7±0.8 
 
49.1±4.2 47.3±0.6 40.2±0.8 
∑HUFA 19.9±4.5 13.8±0.8 14.3±0.8 
 
24.2±2.4 12.4±0.6 12.1±0.9 
∑ω3 24.9±5.1 33.6±0.2 33.0±0.9 
 
42.6±3.6 37.0±0.6 30.8±0.8 
∑ω6 10.7±4.3 6.1±0.2 7.4±0.1 
 
7.0±1.3 6.6±0.1 6.2±0.2 
U/S 1.2±0.3 2.4±0.1 2.6±0.1 
 
1.8±0.4 2.8±0.1 2.9±0.02 
16:0/18:0 1.8±0.4 5.2±1.1 4.8±0.2   2.8±1.4 6.6±1.0 7.4±0.5 
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2.5. Discussion 
The lipid classes of the congeneric copepods A. tonsa and A. clausi showed the same response 
pattern to varying temperature. The membrane FA concentration was not affected by 
temperature, although there was a trend suggesting an increased membrane FA concentration 
with decreasing temperature. Increased de novo production of phospholipids at lower 
temperature is one response among many in the process of homeoviscous adaptation and 
guarantees continued cellular function (Hazel and Williams 1990). Exposure to more extreme 
temperature differences in the experiment might have magnified this trend.   
Furthermore, both Acartia species enlarged their storage FA concentration at 15 °C, herein 
referred to as ‘elevated temperature’. A moderate to relatively high body temperature usually 
enhances physiological reaction rates, eventually maximizing the ectotherms' performance 
(Huey and Kingsolver 1989). Our results suggested that this applies to FA incorporation rates as 
well. Although the increased body temperature implies an increased maintenance metabolism 
i.e. increased costs of living (Clarke and Fraser 2004), the net energy balance was positive for 
both Acartia species at 15 °C. A diet consisting of the diatom T. weissflogii provided sufficient 
dietary energy to cope with these higher metabolic costs in the short term. Also in Ederington et 
al. (1995), T. weissflogii enhanced the lipid content in A. tonsa individuals.   
The total FA concentrations observed in the current study are well below the total lipid masses 
reported by Lee et al. (2006), i.e. 2 μg/ind. and 1.4 μg/ind. for A. tonsa and A. clausi, respectively. 
Rather, the total FA concentration of field-caught A. clausi in our study was in the range of what 
was reported previously in Tiselius et al. (2012). According to the latter, total FA concentrations 
of A. clausi in the Gullmarsfjorden show a seasonal pattern with highest concentration in July 
(400 ng FA/ind.). Our study suggested that this increase was likely caused by an increase in their 
storage lipids due to increases in food availability and ingestion rate, as the latter is enhanced by 
warmer water temperatures (Durbin and Durbin 1992). Acartia species are considered lipid-
poor because they lack the wax esters in contrast to high-latitude calanoid copepods and 
therefore depend on their storage lipids composed of triacylglycerol (TAG), which typically 
serve as short-term energy needs (Lee et al. 2006). Yet, our study indicated that when a lipid-
rich food source is available, the original storage lipid levels can be magnified on a short 
timescale (10 days) with a factor 60 for A. tonsa and 12 for A. clausi. Many herbivorous 
copepods, including several Calanus species (Albers et al. 1996; Søreide et al. 2010), extensively 
accumulate lipids during phytoplankton blooms and, when environmental conditions become 
unfavorable, migrate to deeper waters for diapause. However, as the storage capacity of Acartia 
species is limited, alternative overwintering strategies are adopted and these include the 
production of diapause eggs, as observed for A. tonsa (Chinnery and Williams 2004) or an 
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omnivorous feeding behavior, as reported for A. clausi (Båmstedt et al. 1990).   
Elevated temperature clearly enhanced the energy storage in both copepods and affected the 
energy balance positively. Therefore factors other than energy shortage evoked the high 
mortality of both Acartia species. Notably, the increased mortality of A. tonsa at 15 °C was 
surprising in view of the incubation temperature (17 °C) of the cultures. Potentially, respiration 
rates were higher for A. tonsa compared to A. clausi as reported by Gaudy et al. (2000) under 
varying temperatures at salinity 35. Furthermore, the more proteinic-oriented metabolism of 
A. tonsa (Gaudy et al. 2000) could have resulted in increased ammonia excretion rates at higher 
temperatures invoking increased mortality. Calanoid copepods have a low tolerance for poor 
water quality in terms of nitrogenous wastes (Payne and Rippingale 2001). The high mortality of 
A. clausi at 15 °C was less surprising in view of their cold acclimatization to 7 °C at the moment 
of sampling in the Gullmarsfjorden. Noteworthy was the increased ARA retention in both 
membrane and storage lipids of A. clausi at higher temperature. Although EPA and DHA are 
generally the most abundant EFAs in organisms, the importance of ARA as a primary eicosanoid 
precursor is well-known and higher levels of ARA appear crucial for larval fish to cope with 
periods of environmental stress (Bell and Sargent 2003). Furthermore, increased ARA retention 
has been linked with the stimulation of innate immune functions evoked by a temperature-
driven high bacterial load in the seawater (Pernet et al. 2007). Therefore, the increased ARA 
retention in A. clausi was potentially caused by elevated bacterial levels, originating from the 
seawater or introduced in association with the non-axenically cultured T. weissflogii diatom. This 
response was previously reported for oysters (Pernet et al. 2007), scallop (Pernet et al. 2005) 
and haddock larvae (Plante et al. 2007). However, no concomitant decreased lipid content was 
observed in our study, although this has been reported in association with viral or bacterial 
infections for several crustacean species such as Penaeus vannamei (Stuck et al. 1996) and 
Homarus americanus (Floreto et al. 2000).  
In contrast to ARA, the temperature response of the other EFA concentrations was similar in 
both Acartia species. The DHA concentration appeared temperature-insensitive for the 
temperature range studied (5–15 °C), regardless of the lipid fraction while the EPA 
concentration in the storage lipids increased with temperature. Consequently, the Acartia 
individuals incubated under 15 °C, appeared the better prey for higher trophic levels at the end 
of the experiment, based on their higher EFA concentration and energy content. Yet, these 
benefits might be only minor or even absent as dietary EFAs associated with membrane lipids 
are more easily absorbed by the underdeveloped gut of fish larvae compared to EFAs in storage 
lipids, as was reported for DHA (Olsen et al. 2014). In this respect, replacement of A. clausi by 
A. tonsa appears detrimental for higher trophic levels in view of the consistent lower EPA and 
DHA content in the membrane lipids of the latter, despite their similar body size and 
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temperature response. Yet, comparing laboratory-reared animals with field animals requires 
extra caution as A. tonsa were shown to have lost their diel feeding rhythm (in the absence of 
predation) after several generations in the laboratory (Tiselius et al. 1995). This implies an 
increased ingestion for laboratory animals compared to field animals and the observed EFA 
differences might therefore be even more pronounced in natural populations. Furthermore, 
Acartia species are able to exploit a diverse range of food sources including heterotrophic 
flagellates and ciliates under natural conditions (Gifford and Dagg 1988; Tiselius 1989). 
However, the contribution of ciliates to the diet of small coastal copepods was negligible at low 
(but typical) concentrations of ciliates (Tiselius 1989). Rather microalgae are the biological 
starting point for energy flow through most aquatic ecosystems (De Pauw et al. 1984). More 
specifically, diatoms are abundant in most aquatic habitats and often dominate seasonal blooms 
of phytoplankton (Guschina and Harwood 2006b). Therefore our experiment is a snapshot 
simulating the impact of temperature on the trophic transfer of lipids at the moment of 
maximum transfer i.e. during the spring bloom. In this light, our experimental food 
concentration was in the high end of natural concentrations, but within the range of peak 
concentrations found in patches (Tiselius 1998).   
The copepod A. tonsa is recognized as a eurythermal species (Chaalali et al. 2013; Holste and 
Peck 2006) and an increased capacity for membrane adaptation might be an important 
underlying biochemical trait for this remarkable tolerance. Indeed, one way for ectotherms to 
deal with a variable thermal environment is to adjust the FA composition of their membrane 
lipids, in order to guarantee continued membrane function (Martin et al. 2014). Our results 
concur with these observations as both Acartia species showed temperature-induced changes in 
membrane FA composition, however, the modifications were more pronounced in A. tonsa. A 
general response observed in both Acartia species at the level of their membrane lipids included 
a higher 16:0/18:0 at lower temperature. This is in line with previous findings where the FA 
chain length affected the physicochemical properties of membranes (Hazel and Williams 1990; 
Ohtsu et al. 1998; Okuyama et al. 1979). No changes in UFA% or U/S were observed in our study 
despite the role of FA unsaturation as a widespread mechanism to maintain cell membrane 
fluidity (de Mendoza 2014; Pruitt 1990; Van Dooremalen and Ellers 2010; Van Dooremalen et al. 
2011). In contrast to straight-chain saturated FAs, which are linear and pack together efficiently, 
the introduction of cis UFAs disrupts the order of the bilayer, lowers the transition temperature 
and results in higher permeability (de Mendoza 2014). Yet, evidence indicates that mainly the 
first and second cis-double bond insertions are responsible for the massive changes in transition 
temperature and thus membrane lipid order (Guschina and Harwood 2006a). Therefore, the 
MUFA% which increased only substantially in the membrane lipids of A. tonsa after cold 
exposure, might be a better indicator for this mechanism.   
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Another species-specific response was the increased EPA% in the membrane lipids of A. tonsa 
after cold exposure and this response is in line with previous temperature experiments using 
Cladocera (Masclaux et al. 2009; Schlechtriem et al. 2006). Several studies reported higher EPA 
(Schlechtriem et al. 2006) and DHA (Farkas 1979; Smyntek et al. 2008) concentrations after cold 
exposure and suggested their important role as regulators of membrane fluidity, while other 
studies advocated against this (Guschina and Harwood 2006a; Hulbert et al. 2014; Stillwell and 
Wassall 2003). Moreover, the high proportions of EPA and DHA in tropical zooplankton 
phospholipids, further question the reasoning with regard to membrane fluidity (Kattner and 
Hagen 2009). In the current study, it was not cold (5 °C), but rather warm (15 °C) exposure that 
was associated with the highest DHA% in the membranes of both Acartia species. This response 
was especially pronounced in A. tonsa. Therefore, our study does not support the hypothesis that 
increased DHA levels in membrane lipids are required for short-term cold acclimatization. This 
is plausible considering the role of DHA in so many seemingly-unrelated biological processes 
(Stillwell and Wassall 2003). More specifically, DHA has been linked to an increase in membrane 
permeability (Stillwell and Wassall 2003) and therefore favors increased insertion of proteins 
into DHA-rich portions of the membrane (Mitchell et al. 2003). Furthermore, DHA seems to 
speed up many membrane processes and therefore might impact the cellular metabolic activity 
of different organisms (Hulbert et al. 2014). Consequently, an increased DHA% in the membrane 
lipids at elevated temperatures potentially allowed for the increased metabolic rates in A. tonsa, 
and to a lesser extent in A. clausi.   
Adaptations of membrane lipids to cold are diverse and also include re-tailoring of membrane 
species, lipid/protein ratio changes and changes in phospholipid head groups (Guschina and 
Harwood 2006a). Especially the latter could be particularly widespread among winter-active 
crustaceans (Pruitt 1990) and thus also A. clausi. Alternatively, the temperature-response could 
be tissue-specific as was demonstrated for insect prepupa (Kostal and Simek 1998). These could 
have compensated one another as whole copepod bodies were analyzed for their FA 
composition in our study. Nonetheless, our results suggested an increased membrane lipid 
adaptation of A. tonsa compared to A. clausi as reflected by the altered FA profile of their 
membrane lipids.   
In contrast to the membrane lipids, the temperature impact on the FA composition of the storage 
lipids was similar in both species. Information on the response of storage lipids to temperature 
variation is scarce but is available through studies on insects (Haubert et al. 2008; Kostal and 
Simek 1998; Van Dooremalen and Ellers 2010). An increased U/S ratio in storage lipids of 
poikilotherms has been interpreted as an adaptation to cold, preventing these lipids from 
solidification and therefore becoming unsuitable substrates for lipases (Kostal and Simek 1998; 
Van Dooremalen and Ellers 2010), but no changes in U/S ratio or UFA% were observed in the 
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storage lipids of A. tonsa and A. clausi. In contrast, both Acartia species increased the relative 
concentration of 18:4ω3 in their storage lipids at low temperature. FA 18:4ω3 can hardly be 
synthesized by animals (Gladyshev et al. 2014) and it is considered a major dietary trophic 
marker of flagellates (Kattner et al. 2007). An increase of 18:4ω3 in response to cold has been 
observed in several freshwater cladoceran and copepod species (Gladyshev et al. 2014; Sperfeld 
and Wacker 2012), although these studies made no distinction between membrane and storage 
lipids. Furthermore, a marked species-specific response was observed as elevated temperature 
enhanced the incorporation of 16:1ω7, one of the principal FAs in diatoms (Kattner et al. 2007), 
more strongly in the storage lipids of A. clausi (20.8%–28.1%) compared to A. tonsa (23.0%–
23.9%). This suggested that elevated temperature enhanced selective retention of the dietary FA 
16:1ω7 in the storage lipids of A. clausi. Alternatively, elevated temperature stimulated the de 
novo biosynthesis of 16:1ω7 from 16:0 in A. clausi as 16:1ω7 is a more simple FA and only 
requires the presence of a Δ9 desaturase enzyme which is present in all animals (Iverson 2009). 
Finally, the storage lipids of A. tonsa showed the strongest FA alterations from their original FA 
profile compared to A. clausi and this was the case under both temperature regimes. This is 
likely due to the copepod's different feeding history i.e. a unialgal diet consisting of the 
cryptophyte R. salina versus the natural (mixed) diet encountered in the Gullmarsfjorden for 
A. tonsa and A. clausi, respectively. Furthermore, the acquired dietary lipids were diluted into a 
smaller pool of previously stored lipids in A. tonsa resulting in a stronger and clearer dietary 
signal in A. tonsa compared to A. clausi. Elevated water temperature enhanced lipid turnover 
rates in the storage lipids of both copepod species as the changes in the original FA profile were 
more profound at 15 °C. High turnover of triglycerides may be a requirement for ectotherms 
allowing for rapid restructuring of membrane lipids during temperature change (Magnoni et al. 
2008). 
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2.7. Appendix 
Table 2.3: FA composition (% ± 1 SD) of R. salina and T. weissflogii  
 —, not detected; tr, traces (< 1%); other FAs, sum of all FAs < 1% 
  R. salina T. weissflogii 
14:0 3.7±0.3 11.2±0.9 
16:0 11.2±0.8 11.9±0.4 
16:1ω5 — 1.6±0.1 
16:1ω7 2.1±0.03 11.3±0.2 
16:1ω9 2.6±1.2 1.2±0.03 
16:2 — 2.0±0.1 
16:2ω6 — 5.7±0.1 
16:3ω3 — 18.9±0.2 
18:0 4.6±1.2 2.2±0.7 
18:1ω7c 3.7±0.1 1.9±0.1 
18:1ω9c 1.8±0.6 1.1±0.1 
18:2 — 2.0±0.1 
18:2ω6c 2.3±0.2 tr 
18:3ω3 12.7±0.5 — 
18:4 — 1.8±0.2 
18:4ω3 39.3±1.4 2.3±0.1 
20:5ω3 7.7±0.2 16.4±1.0 
22:6ω3 6.4±0.4 5.3±0.1 
other FAs 2.0±0.2 2.8±0.1 
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3.1. Abstract 
Unraveling food webs is a first step towards profound understanding of ecosystem functioning 
and a requirement to forecast climate-induced ecosystem responses. The organisms under study 
are benthic copepods (order Harpacticoida) inhabiting a fjord-like environment on the southern 
coastline of King George Island, one of the most rapidly warming regions on Earth at the north-
western tip of the Antarctic Península. Despite increased understanding of Antarctic food web 
structures, little is known on the feeding ecology of benthic copepods in these systems. A fatty 
acid trophic marker strategy was used to unravel diet composition of Antarctic harpacticoid 
copepod species or assemblages, collected from distinct habitats in summer. Their diverse 
storage fatty acid composition revealed the occupation of different trophic niches associated 
with their specific life-styles i.e. endobenthic, phytal with (Alteutha spp.) or without (Harpacticus 
sp.) frequent water column excursions. Moreover, prevalence of biosynthesized ω7 long-chain 
monounsaturated fatty acids in Harpacticus sp. and ω9 in Alteutha spp. further suggested 
adaptations to particular habitats in polar ecosystems as different dietary precursors 16:1ω7 
(microphytobenthos, epiphytic diatoms) or 18:1ω9 (flagellates) fuel these elongation pathways.  
3.2. Introduction 
Profound knowledge on trophic relationships among species is required to understand 
ecosystem functioning, biochemical fluxes and their changes under climatic warming (Clarke et 
al. 2012). This is especially true for the Antarctic Peninsula, which is one of the most rapidly 
warming regions on Earth, having experienced a 2 °C increase in the annual mean temperature 
and a 6 °C rise in the mean austral winter temperature since 1950 (Ducklow et al. 2007; Turner 
et al. 2005). Previous efforts to unravel trophic interactions focused on Antarctic Krill 
(Euphausia superba), a key stone species in the Southern Ocean (Falk-Petersen et al. 2000; 
Schmidt et al. 2003; Stübing et al. 2003), and on Amphipoda, which have been the most well-
studied crustacean group in Antarctic benthic communities (Graeve et al. 2001; Nelson et al. 
2001; Nyssen 2005). Although the energy flow in summer tends to be channeled through krill, 
other branches at the basis of the food web deserve more investigation with respect to their 
feeding ecology as they play an important role in stabilizing communities. For example, the 
degree of omnivory, feeding on more than one trophic level, exerts a strong effect on ecosystem 
functioning and stability (Clarke et al. 2012). One of these branches includes copepod members 
of the order Harpacticoida. So far their feeding ecology in Antarctic food webs has not received 
much attention and there exists a tendency to lump the different species into one group. This 
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low resolution may underestimate the actual food web complexity as polar harpacticoid 
copepods, in parallel with their temperate and tropical relatives, likely show differences in life-
history strategies, in habitat utilization including their dependency on sea-ice, and trophic 
niches (De Troch et al. 2005, 2008). Furthermore, they might establish different links with 
pelagic food webs and with higher trophic levels as prey items. For example, in Potter Cove at 
King George Island macroalgae-associated harpacticoid copepods contribute substantially to the 
diet of juvenile Antarctic fish (Trematomus newnesi, Nototheniidae), which use the macroalgae 
beds as shelter (Barrera-Oro and Piacentino 2007).  
Climate-induced diet shifts or alterations in feeding ecology may pass unnoticed as we currently 
lack the necessary baselines against which to assess change. It is almost impossible to predict 
the net outcome of the many direct (sea surface warming) and indirect alterations induced by 
regional warming on the ecosystem. Indirect alterations include the loss of sea-ice habitat 
together with its high standing stocks of bacteria, protists and invertebrates and its link to 
higher trophic levels (Arndt and Swadling 2006). In addition, a decline in summer Chl a has been 
reported along the western Antarctic Peninsula (WAP) with a shift farther south (Montes-Hugo 
et al. 2009), although local differences are observed also (Prézelin et al. 2004; Schloss et al. 
2012). Recently, in King George Island large phytoplankton blooms have been reported in areas 
where historically biomass was low compared to other Antarctic regions (Schloss et al. 2014). 
On the one hand, enhanced stability of the water column due to increased freshwater input may 
stimulate primary productivity. On the other hand, the associated sediment-loaded glacial runoff 
may increase turbidity in the upper water column with negative effects on phytoplankton 
development (Klöser et al. 1994). On those places where a decreased sea-ice cover allows a 
greater deepening of the summer wind-mixed layer, a shift from diatoms to flagellates may 
occur (Walsh et al. 2001). Moreover, thick macroalgal forests which dominate sub- and intertidal 
hard bottom communities along the WAP are highly influenced by climate-induced alterations, 
i.e. increased temperatures, glacial retreat, ice scouring and changes in light availability 
(Deregibus et al. 2016; Quartino et al. 2013; Zacher et al. 2009). Alterations in their primary 
productivity may affect the entire coastal food web (Deregibus et al. 2016) considering their 
central importance as refuge for associated fauna (Huang et al. 2006), their food value for 
herbivores and benthic organisms (Campana et al. 2009; Graeve et al. 2002) and contribution to 
the particulate and dissolved organic matter in coastal food webs (Iken et al. 2011; Quartino et 
al. 2013).   
This study primarily aims to identify the diet composition of harpacticoid copepod species or 
assemblages, from different habitats (phytal and endobenthic) in the coastal environment of an 
Antarctic island (Potter Cove, King George Island) during summer. Secondly, a feeding 
experiment was performed to elucidate on the role of resource (diatom) availability in the 
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copepods’ response to elevated temperature as indicated by its energy balance i.e. the dynamics 
of membrane and storage lipids. Diatoms were used as experimental food source as they are 
most efficiently grazed upon by first-level consumers in Antarctic food webs, likely due to their 
optimal size range (Moline et al. 2004). Consequently, they represent the most efficient 
pathways for carbon transfer to higher trophic levels, resulting in short food chains typical for 
polar oceans (Moline et al. 2004; Kattner and Hagen 2009).   
Diatoms of the genera Navicula, Nitzschia and Cylindrotheca were used as food items in the 
feeding experiment in view of their natural occurrence in the microphytobenthos in Potter Cove 
(Wulff et al. 2008). The two experimental temperature regimes (on average 1 °C versus 3 °C) fall 
within the natural range experienced by organisms inhabiting the low intertidal pools at the 
Potter Península (Klöser and Arntz 1994).  
To unravel the feeding ecology, fatty acids (FAs) were used as dietary tracers i.e. the so-called 
fatty acid trophic marker approach (FATM) (Dalsgaard et al. 2003). Most FAs are of dietary 
origin and are incorporated, largely unmodified, into the consumer’s lipid pool. In particular, the 
consumer’s storage FAs are more readily influenced by dietary FAs compared to its structural 
(membrane) FAs. Therefore, screening of the storage FA composition is more accurate for diet 
untangling (Dalsgaard et al. 2003; Fraser et al. 1989). Furthermore, screening of membrane and 
storage FAs in copepods, especially with respect to the presence of essential FAs, 
eicosapentaenoic acid (EPA, 20:5ω3) and docosahexaenoic acid (DHA, 22:6ω3), may inform on 
their fitness and nutritive value for consumers higher up the food chain under different 
temperature - food scenarios.  
In addition to FA tracers, the consumer’s bulk carbon isotopic signature also informs on the 
nature of the food sources (Fry 2006). The transfer of carbon isotopic compositions occurs 
conservatively and suffers little from trophic fractionation, generally 0.5 ‰ – 1 ‰ (DeNiro and 
Epstein 1978). In contrast to FAs, which can be preferentially assimilated and rapidly stored, the 
stable isotope composition typically integrates over long timescales (Schmidt et al. 2003) and is 
therefore used as a complementary tracer in this study. The use of carbon stable isotopes is also 
extended to a feeding experiment where diatoms, isotopically labeled using H13CO3-, allowed us 
to estimate the assimilated amount of carbon by the consumer and thus monitor the carbon flow 
from food to copepods under various diet and temperature treatments.  
In summary, we aimed to resolve the following questions: 
1. Do Antarctic harpacticoid copepods occupy different trophic niches as inferred from 
their storage FA composition? 
2. How important is the diet (diatom spp. composition) for temperature acclimatization? 
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3.3. Material and Methods 
3.3.1. Diatom culturing 
The strains were ordered from the diatom culture collection (BCCM/DCG) of the Belgian 
Coordinated Collection of Micro-organisms (http://bccm.belspo.be, accession numbers 
(Navicula sp. – DCG 0485, Nitzschia sp. – DCG 0421 and Cylindrotheca fusiformis – DCG 0423) 
(hereafter referred to as Navicula, Nitzschia and Cylindrotheca). The diatoms were non-
axenically grown to higher densities in filtered (0.5 µm) and autoclaved natural seawater 
(salinity 30), supplemented with f/2 medium (Guillard 1975) at 15±1 °C under a 12:12 h light-
dark period (25-50 µmol photons m-2 s-1). All diatoms were labeled with 13C by adding 16.8 mg 
NaH13CO3 (99 %, 13C, Cambridge Isotope Laboratories) per 100 ml of culture medium and were 
harvested after 15 days of growth (exponential growth phase). Centrifugation removed the 13C 
labeled supernatant from the cultures. After 3 h storage at -80 °C, three washing cycles with 
MilliQ water and subsequent centrifugation removed the remaining 13C and salts from the 
cultures. After freeze-drying the diatoms, triplicate samples for later bulk stable isotope and FA 
profiling were stored at -20 °C and -80 °C, respectively. The atomic % 13C of the freeze-dried 
diatoms increased to 25.4±0.9 %, 26.9±0.2 % and up to 38.8±0.5 % for Navicula, Nitzschia and 
Cylindrotheca, respectively. Units of 20 mg freeze-dried Navicula, Nitzschia and Cylindrotheca 
were prepared for later use in the feeding experiment (mono diet), while the units for the mixed 
diet treatments containing approximately 7 mg of each diatom species. 
3.3.2. Copepod collection 
The macroalgae-associated harpacticoid community was sampled on the intertidal rocky shore 
of Potter Península (Peñón Uno), 25 de Mayo/ King George Island, South Shetland Islands, 
Antarctica (62°15’S, 58°41’W) during low tide (2-3/01/2014) (Figure 3.1). Macroalgae, 
including Phaeurus antarcticus, Desmarestia menziesii and Ascoseira mirabilis, were collected 
from the lower tidal pools, 6.5±0.6 °C and salinity 32 in situ, and thoroughly rinsed in a bucket of 
filtered seawater (100 µm). Subsequent sieving (250 µm) of the water concentrated the 
epiphytic harpacticoid copepods, while the residual water, containing macroalgal epibiota, was 
filtered through a GF/F filter (Whatmann, pre-combusted at 450 °C) for later FA analysis. 
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Figure 3.1: Sampling sites in Potter Cove and Península (Peñón Uno), 25 de Mayo/ King George Island 
(South Shetland Islands) (Servetto et al. 2013, modified by V. A. Salinas); triangle and circle indicate the 
sampling sites for the endobenthic copepod community and the macroalgae-associated copepods, 
respectively 
The harpacticoid community was predominantely composed of Alteutha potter (Peltidiidae 
family) (described by Veit-Köhler and Fuentes 2007) belonging to different developmental 
stages (Table 3.1), and copepods of the genus Harpacticus. Additionally, a larger-sized but less 
abundant Alteutha sp. was present. Triplicate samples of A. potter, Harpacticus sp. (both 80-100 
ind. sample-1) and duplicates of Alteutha sp. (20 ind. sample-1) were washed in filtered seawater 
(0.20 µm) and stored at -20 °C for later lipid fractionation and FA screening. Moreover, triplicate 
samples of A. potter and Harpacticus sp. were stored at -20 °C for bulk stable isotope (SI) 
analysis (20 ind. sample-1), with separate analysis of adult Harpacticus females and their egg 
sacs (minimum 30). In addition, the sediment-associated harpacticoid community (interstitial, 
burrowing and epibenthic species) was extracted from sediment samples, collected at the 
entrance of Potter Cove perpendicular to Punta Elefante at a depth of 16 m using Van Veen grabs 
(cf. sampling location in Veit-Köhler 2005). As species-specific abundances appeared too low for 
FA analysis, the collected specimens were pooled into one replicate ‘endobenthic’ harpacticoid 
copepod sample. 
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Table 3.1: Life stages of the A. potter population at the moment of sampling, expressed as relative 
abundance (%), based on a subsample of 80 randomly picked individuals 
Life stage % 
CII 7 
CIII 9 
CIV 15 
adult ♂ 40 
adult ♀ 29 
3.3.3. Feeding experiment 
Tissue culture flasks contained 80 to 100 A. potter individuals incubated in 500 ml filtered 
seawater (0.7 µm), collected from the shore line. Copepods in the mono diet treatments were 
offered 13C-labelled freeze-dried Navicula, Nitzschia and Cylindrotheca diatom cells as single food 
source, standardized towards weight in the mixed diet treatments. Food quantity in each 
experimental unit was considered to be ad libitum (20 mg unit-1). These diet series were 
incubated outdoors in a water tank under the Dallman research station (sheltered conditions) 
and indoors in a climate room where the temperature was on average 2 °C higher. Temperature 
was recorded daily around midday and the experiment was terminated after 10 days. Surviving 
copepods were washed in filtered seawater (0.20 µm), left for 6 h at the respective experimental 
temperature to allow gut clearance, and stored at -20 °C for bulk SI analysis (20 ind. sample-1), 
and lipid fractionation and FA analysis (minimum 24 ind. sample-1). In parallel with the feeding 
experiment, in- and outdoor control treatments contained the 13C-enriched freeze-dried food 
sources in filtered seawater (0.7 µm), in order to test for potential 13C leakages during the 
experiment. After 10 days of incubation, these algal residues were stored at -20 °C for bulk SI 
analysis.  
3.3.4. Bulk stable isotope (SI) analysis 
Carbon stable isotope ratios and carbon content of copepods and diatoms were determined in 
three biological replicates for each treatment, with an isotope ratio mass spectrometer (type 
Europa Integra) at the Davis Stable Isotope Facility (University of California, USA). Internal 
reference materials were calibrated against the international reference material USGS-41, with 
long-term standard deviation 0.2‰ for 13C. Stable isotope ratios are expressed in the δ notation 
with Vienna Pee Dee Belemnite (VPDB) as reference standard and expressed in units per 
thousand (‰), according to the standard formula δ13C = [(Rsample / RVPDB) - 1] x 103, where R is 
the ratio of 13C/12C and RVPDB = 0.01118.   
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However, the atomic % 13C values were used to calculate the assimilation of freeze-dried 
diatoms by the copepods. Atomic % 13C values of the freeze-dried algae from the control 
treatments were slightly lower compared to their pre-incubation values, potentially due to 13C 
leakage over the course of the experiment. In order to avoid underestimation of the assimilated 
carbon, % 13C values of the experimental control samples were used when estimating the 
fraction (f) of copepod carbon derived from the 13C labeled diet: 
    f =
a13C cop, treatment−a 13C cop, control
a13C enriched food−a13C natural food
 
where a13C cop, treatment, a13C cop, control, a13C enriched food, a13C natural food are the isotopic compositions of 
copepods fed 13C enriched food, control copepods, and enriched and not-enriched food, 
respectively. Multiplication of this fraction with the mean copepod carbon content results in the 
amount of assimilated carbon per individual copepod.  
3.3.5. Lipid fractionation – FA derivatization and analysis  
All lipids of copepods were extracted with a modified Bligh and Dyer extraction (Findlay et al. 
1989). Subsequently, the total lipid extract was fractionated on a silicic acid solid phase 
extraction column (Merck) into different polarity classes by sequential eluting with chloroform 
(containing neutral lipids), acetone (glycolipids) and methanol (containing polar lipids) (Christie 
1989). To allow gas chromatographic separation, FAs of the lipid fractions were derivatized to 
fatty acid methyl esters (FAMEs). Phospholipid fatty acids (PLFA) of the methanol fraction were 
methylated using a mild alkaline methanolysis as in Boschker et al. (1999), while glyco- and 
neutral lipid fatty acids (NLFA) of the acetone and chloroform fractions, respectively, were 
derivatized using a modified method after Abdulkadir and Tsuchiya (2008). Here, the boron 
trifluoride-methanol reagent was replaced by a 2.5% H2SO4-methanol solution, since the BF3-
methanol can cause artifacts or loss of PUFA (Eder 1995). FAME of 19:0 (Sigma-Aldrich) was 
added as internal standard. Samples were concentrated to 200 µl hexane before being analyzed 
using a gas chromatograph (Hewlet Packard 6890N) coupled to a mass spectrometer (HP 5973) 
as in De Troch et al. (2012a). The samples were run in splitless or split4 mode injecting 1µl at an 
injector temperature of 250 °C using an HP88 column (Agilent J&W; Agilent). The FAMEs were 
identified by comparing the retention times and mass spectra with authentic standards and 
mass spectral libraries (WILEY, own library) and analyzed using MSD ChemStation software 
(Agilent Technologies). Quantification of individual FAMEs was accomplished using a 
component FAME 37 and BAME mix (Bacterial Acid Methyl Esters) (Sigma-Aldrich) and 
completed with individual FAME standards (Larodan). Shorthand FA notations of the form 
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A:BωX were used, where A represents the number of carbon atoms, B gives the number of 
double bonds, and X gives the position of the first double bond counting from the terminal 
methyl group. Copepod FA content was standardized per individual, while the FA profiles of the 
diatoms are presented as relative concentration (%).  
3.3.6. Data analysis 
A Principal Coordinates Analysis (PCO) based on a Bray Curtis similarity matrix visualized the 
relative FA composition of field-collected harpacticoid samples and macroalgal epibiota (overall 
FA profile) that correlated at least 80 % with one of the two PCO-axes. Furthermore, several FA 
biomarkers (classes or ratios) were used as dietary tracers (Table 3.2) and compared among 
harpacticoid copepod species with one-way permutational ANOVAs (PERMANOVA). All 
univariate data were based on a Euclidean resemblance matrix.  
Data resulting from the feeding experiment, i.e. copepod survival, carbon content and 
assimilation, membrane and storage FA content, membrane- and storage-associated EPA and 
DHA content were tested with two-way PERMANOVA tests (effects of temperature and food). 
Multivariate analysis informed on FA compositional changes in membrane and storage lipids 
(arcsine square root transformation of relative FA data). In particular, a non-metric 
multidimensional scaling method (nMDS) (Bray Curtis similarity matrix) visualized the samples 
based on their membrane and storage FA composition and subsequent two-way ANOSIM tests 
(analysis of similarity) indicated whether grouping according to temperature and diet was 
significant. In case of significant grouping, similarity percentage analysis (SIMPER) identified the 
FAs contributing most to the observed differences. In the food diversity experiment with 
A. potter, one replicate sample from the 3 °C Cylindrotheca (PLFA) treatment and one replicate 
from the 3 °C Nitzschia (NLFA) treatment were omitted from the multivariate analyses as they 
appeared extreme outliers on the nMDS plots. All the analyses were performed within PRIMER 
v6 with PERMANOVA add-on software (Clarke and Gorley 2006). 
Table 3.2: The use of FAs as dietary tracers with references 
FA biomarker group ref 
∑bacterial FA (%)* bacteria  [1] 
16:1ω7/ 16:0 bacillariophytes [1] 
∑C16/ ∑C18 bacillariophytes [1,2] 
16:1ω7/ 18:4ω3 diatoms ↔ dinoflagellates [3,4,5] 
EPA/ DHA diatoms ↔ dinoflagellates [3,5] 
18:1ω9 + 18:4ω3 (%) prymnesiophytes [1] 
* i-15:0, a-15:0, 15:0, i-16:0, i-17:0, 17:0, 18:1ω7c. [1] Dalsgaard et al. (2003), [2] Falk-Petersen et al. (1998) 
[3] Stübing et al. (2003), [4,5] Graeve et al. (1994a, b) 
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3.4. Results 
3.4.1. Seasonal snapshot of food preferences: FA dietary 
tracers 
The storage FA composition of both species from the genus Alteutha clearly differed from the 
other groups, i.e. Harpacticus sp., the endobenthic harpacticoid community and the macroalgae-
associated epibiota (based on the full FA profile), as shown by PCO axis 1 (72.6%) (Figure 3.2). 
FAs that correlated with the genus Alteutha were Phaeocystis markers 18:1ω9 and 18-PUFA 
(18:2ω6, 18:3ω3 and 18:4ω3) but also 20:1ω9, 20-PUFA (20:2ω6, 20:3ω3, 20:3ω6, 20:4ω3 and 
22:2ω6) and the essential FA 20:4ω6 (ARA). PCO axis 2 (14.2%) separated the endobenthic 
harpacticoid community mainly based on the SFA 16:0 and 18:0. FAs 16:1ω7 and 16:4ω4 
characterized the genus Harpacticus while the macroalgal epibiota were specified by 14:0, i-
15:0, 16:1ω9 and 20:0.  
The proportion of bacterial FA markers was highest in Harpacticus sp., followed by the 
endobenthic harpacticoids, Alteutha sp. and A. potter (pseudo-F 3, 5 = 458, p < 0.001; all pairwise 
p < 0.05) (Table 3.3). Concomitantly, the ratios 16:1ω7/ 16:0 and ∑C16/ ∑C18, characteristic 
for bacillariophytes, were most pronounced in Harpacticus sp., followed by endobenthic 
harpacticoids and both Alteutha spp. (pseudo-F 3, 5 = 433 and 1105 respectively, both p < 0.01; all 
pairwise p < 0.05). However, the ratios 16:1ω7/ 18:4ω3 and EPA/ DHA, both indicators for a 
diatom- versus dinoflagellate-based diet, showed the opposite response. The former highlighted 
a preference of endobenthic harpacticoids and Harpacticus sp. for diatoms, while the ratios in 
both Alteutha spp. appeared extremely low (pseudo-F 3, 5 = 772, p < 0.01; pairwise p < 0.05). In 
contrast, EPA/ DHA ratios were higher in the Alteutha spp. compared to the other harpacticoid 
spp. (pseudo-F 3, 5 = 344, p < 0.01; pairwise p < 0.05). This pattern was attributed to the 
relatively low abundance of DHA in the storage lipids of Alteutha spp. (Appendix Table 3.5). The 
contribution of prymnesiophytes as part of the diet (18:1ω9 + 18:4ω3) appeared highest in 
A. potter > Alteutha sp. > Harpacticus sp. > endobenthic harpacticoid copepods (pseudo-F 3, 5 = 
4886, p < 0.01; all pairwise p < 0.05). 
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Figure 3.2: PCO analysis of the relative storage FA composition of field-collected harpacticoids and 
macroalgal epibiota (overall FA profile). Vectors represent specific biomarkers correlating > 80% with the 
first 2 PCO axes 
Table 3.3: FAs applied as dietary tracers to the harpacticoids’ storage FA composition; endobenthic refers 
to the pooled sample of endobenthic harpacticoid copepods 
FA biomarker Harpacticus sp. Alteutha sp. A. potter endobenthic 
∑bacterial FA (%) 8.1±0.4 2.1±0.3 1.2±0.1 7.7 
16:1ω7/ 16:0 0.9±0.1 0.05±0.003 0.07±0.003 0.3 
∑C16/ ∑C18 1.8±0.1 0.3±0.001 0.2±0.01 1.2 
16:1ω7/ 18:4ω3 2.0±0.2 0.04±0.003 0.03±0.002 5.0 
EPA/ DHA 2.6±0.1 11.9±0.6 11.2±0.5 2.8 
18:1ω9 + 18:4ω3 (%) 6.4±0.3 22.7±0.3 26.6±0.1 4.3 
 
3.4.2. Feeding experiment 
Temperature regimes and food characterization 
Water temperatures in the tanks fluctuated throughout the experiment and were 3.2±1.2 °C 
versus 0.9±1.8 °C in the in- and outdoor tanks, respectively. Details on daily fluctuations are 
displayed in Appendix Figure 3.8.  
Multivariate analysis showed that the diatoms used in the feeding experiment clustered 
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significantly per species based on their relative FA composition (ANOSIM, global R=0.998, 
p=0.001, all pairwise R=1), indicating that their characteristic FA profiles were preserved after 
the freeze-drying procedure (Appendix Table 3.6).  
Responses of A. potter to different temperature – diet scenarios 
Copepod survival – carbon content – assimilation 
Both temperature and food affected survival of A. potter (pseudo-F 1, 2 = 33, pseudo-F 3, 20 = 6.6, 
both p < 0.01, no interaction effect) (Figure 3.3). Incubation at 3 °C (93±6%) promoted higher 
survival than at 1 °C (78±12%). Furthermore, a Nitzschia diet resulted in lower copepod survival 
(76±16%) compared to Navicula (92±6%) or Cylindrotheca (90±8%) as sole food source (both 
pairwise p < 0.01). Copepod carbon content was slightly higher after incubation at 1 °C 
(6.8±0.7 µg C copepod-1) compared to 3 °C (6.2±0.4 µg C copepod-1), but the trend was not 
significantly different (Figure 3.3). The natural δ13C composition of A. potter was more depleted 
(-31.3±0.1‰), compared to Harpacticus sp. (-21.3±0.2‰) and their egg sacs (-20.8‰), and 
increased only slightly (on average by 120‰) after experimental incubation, indicating low 
assimilation of the diatoms (Figure 3.4). Carbon assimilation depended only on the offered food 
type (pseudo-F 3, 20 = 21.6, p < 0.01) and was highest for the Navicula diet (0.09±0.02 µg C 
copepod-1), followed by the mixed diet (0.06±0.01 µg C copepod-1) and the Nitzschia diet 
(0.05±0.01 µg C copepod-1). The lowest assimilation was observed in the treatments with 
Cylindrotheca as sole food source (0.03±0.004 µg C copepod-1) (all pairwise p < 0.05). 
 
Figure 3.3: Carbon content of A. potter (µg C copepod-1 + SD) (black dots) and survival (% - SD) (bars) 
resulting from the feeding experiment 
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Figure 3.4: Assimilation of the different diatom species (µg carbon copepod-1 + 1 SD) by A. potter at 1 °C 
and 3 °C. Nav - Navicula, Nit – Nitzschia, Cyl – Cylindrotheca, mixed – combination of the three diatom 
species as food 
 
Figure 3.5: Lipid profile of A. potter (ng FA copepod-1) on a treatment with Nav - Navicula, Nit – Nitzschia, 
Cyl – Cylindrotheca, mixed – combination of the three diatom species as food and at 1 °C and 3 °C; + 1 SD 
for glycolipids, - 1 SD for membrane and storage lipids 
Lipid class dynamics 
Regardless of the offered food source, membrane and storage FA contents in A. potter declined 
approximately with factors 3 and 4 after 10 days of incubation (Figure 3.5). Glycolipids 
comprised only a minor proportion of the total FA content (<10%) and were therefore omitted 
from further analyses. Only temperature affected the membrane and storage FA contents 
(pseudo-F 1, 22 = 9.8 and 18, both p < 0.01) with the strongest reductions observed after 
incubation at 3 °C. The EPA and DHA contents showed the same temperature response, 
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regardless of their association with membrane (pseudo-F 1, 22 = 11.7 and 6.2) or storage lipids 
(pseudo-F 1, 22 = 20 and 17.5) (all p < 0.05). However, the overall depletion of EPA associated 
with membrane and storage lipids (factors 3.5 and 4) was stronger compared to DHA (factors 2 
and 3) (Appendix Figure 3.9). 
Membrane and storage FA composition 
Temperature and food impacted both the membrane (R=0.929, p=0.001 and R=0.635, p=0.001) 
and storage (R=0.652, p=0.001 and R=0.682, p=0.001) FA composition of A. potter (two-way 
ANOSIM). The original copepod membrane FA composition altered slightly more after 3 °C 
exposure compared to the 1 °C treatments (Figure 3.6 a). A one-way ANOSIM for the effect of 
temperature regime (global R=0.605, p=0.001) confirmed this trend based on the slightly higher 
pairwise R-value detected for the comparison of field versus 3 °C (R=0.976, p=0.003), compared 
with field versus 1 °C (R=0.932, p=0.002). Mainly 16:0, 18:0, EPA and DHA were affected by the 
temperature regime (SIMPER, Table 3.4 a). The initial membrane FA composition altered 
substantially even in the presence of a mixed food source (Figure 3.6 a). However, a mixed diet 
buffered the temperature impact to some extent, as the membrane FA compositions at 1 °C and 
3 °C were more similar for the mixed diet treatments i.e. pairwise R-value was smallest (R=0.741 
versus 1 for the mono diets). Despite significant changes at the level of the individual FAs, the 
membrane composition remained similar at the level of the FA classes (Table 3.4 a).   
Also the copepod’s original storage FA composition altered significantly after experimental 
incubation, but no obvious grouping according to the temperature regime emerged (Figure 
3.6 b). A mixed diet diminished temperature-induced changes in storage FA composition, but 
only to a minor extent (R=0.222 versus 0.25 for Nitzschia and 1 for the other mono diets). The 
SFA (saturated FA), MUFA (monounsaturated FA) and HUFA (highly unsaturated FA i.e. FA ≥ 20 
carbon atoms and ≥ 3 double bonds) classes increased at the end of the experimental incubation, 
while the PUFA class (polyunsaturated FA i.e. FA > 1 double bond) rather declined, regardless of 
the treatment (Table 3.4 b). Detailed membrane and storage FA compositions are available in 
Appendix Table 3.7.  
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Table 3.4: Alterations in the major FA classes (% ± 1 SD) and FA ratios (± 1 SD) in the (a) membrane and 
(b) storage lipids of A. potter on a treatment with Nav - Navicula, Nit – Nitzschia, Cyl – Cylindrotheca, 
mixed – combination of the three diatom species as food and at 1 °C and 3 °C 
(a)   membrane lipids 
   
1 °C 
 
3 °C 
  
field Nav Nit Cyl mixed 
 
Nav Nit Cyl mixed 
SFA 
 
18.2±1.2 18.2±1.5 15.2±0.8 20.3±1.3 18.3±1.4 
 
19.2±2.3 20.5±0.6 17.9±1.8 17.0±1.6 
MUFA 
 
8.7±0.4 10.4±0.4 10.8±0.3 10.5±0.2 10.3±0.1 
 
9.9±0.1 10.7±0.9 9.6±0.3 9.8±0.3 
PUFA 
 
73.1±1.0 71.4±1.2 74.0±0.6 69.2±1.5 71.4±1.4 
 
70.9±2.2 68.8±0.3 72.6±2.0 73.2±1.6 
HUFA 
 
68.4±1.0 68.1±1.2 71.1±0.5 65.7±1.4 67.9±1.3 
 
67.6±2.3 65.5±0.3 69.5±2.0 70.1±1.5 
DHA/ EPA 
 
0.7±0.03 1.0±0.1 1.1±0.03 1.0±0.04 1.0±0.03 
 
1.2±0.03 1.2±0.04 1.2±0.02 1.2±0.02 
16:0/ 18:0   1.5±0.2 0.8±0.1 0.7±0.1 0.9±0.2 1.0±0.2   0.7±0.1 0.7±0.1 0.7±0.2 0.6±0.1 
            
(b)   storage lipids 
   
1 °C 
 
3 °C 
  
field Nav Nit Cyl mixed 
 
Nav Nit Cyl mixed 
SFA 
 
11.0±0.7 13.3±2.1 13.9±1.5 12.3±0.8 12.2±0.4 
 
13.0±0.7 13.4±0.6 12.3±0.7 12.9±0.7 
MUFA 
 
9.3±0.3 12.0±0.5 12.9±1.4 11.4±0.4 11.9±0.3 
 
11.7±0.4 11.8±0.5 11.9±0.5 11.4±0.3 
PUFA 
 
79.6±1.0 74.8±2.2 73.2±2.8 76.3±0.4 75.9±0.6 
 
75.4±1.0 74.8±1.0 75.8±0.3 75.7±0.7 
HUFA   41.5±1.0 44.9±0.6 45.4±1.9 44.5±0.9 45.9±1.3   44.8±1.1 46.0±0.03 45.6±0.2 44.1±1.1 
 
 
 
Figure 3.6: Non-metric multidimensional scaling (Bray Curtis similarity) of arcsine square root 
transformed relative FA data for (a) membrane lipids and (b) storage lipids of A. potter after incubation 
with different diatom species at 1 °C and 3 °C 
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3.5. Discussion 
3.5.1. Diet inferred from FA trophic markers 
Unraveling the diet composition of benthic, invertebrate grazers poses more challenges 
compared to pelagic zooplankton due to the diversity of benthic primary producers (Kelly and 
Scheibling 2012). Not only do benthic consumers have access to different groups of primary 
producers, resulting in highly mixed diets, they are also capable of FA modification which 
possibly obscures the signature of dietary trophic marker FAs (De Troch et al. 2012a; Kelly and 
Scheibling 2012). In addition to their bioconversion capacity (De Troch et al. 2012a), benthic 
copepods have a wide dietary spectrum composed of diatoms (Azovsky et al. 2005; Pinto et al. 
2001), flagellates (Harris 1977; Norsker and Støttrup 1994), cyanobacteria (Caramujo et al. 
2008), detritus (Hicks and Coull 1983) and bacteria to some extent (Cnudde et al. 2012). Despite 
these challenges, the Antarctic harpacticoid community showed a clearly diversified storage FA 
composition revealing the exploitation of different trophic niches associated with distinct life-
styles (habitats). 
Endobenthic harpacticoid copepods 
In endobenthic harpacticoids, storage FAs were dominated by bacterial FAs (odd-numbered and 
branched FAs) and SFA (16:0 and 18:0) indicative of decaying material and thus the reliance on 
a detritus-based food web (Suhr et al. 2003). However, the substantial presence of the diatom 
markers 16:1ω7 and 20:5ω3 pointed at microphytobenthos, or alternatively detrital diatoms, as 
another important food source. These FATM outcomes are supported by Pasotti et al. (2015), 
who classified endobenthic harpacticoids from Potter Cove as deposit feeders/ omnivores, based 
on their δ13C and δ15N stable isotope compositions.  
Phytal harpacticoid copepods 
The genera Harpacticus and Alteutha are typically part of phytal assemblages (Fraser 1936; 
Hicks 1977). However, their storage FA composition suggested the exploitation of different 
trophic niches. The higher ratios of ∑C16/ ∑C18 and 16:1ω7/ 18:4ω3 observed in Harpacticus 
sp. as compared to Alteutha spp., suggested a stronger reliance on diatoms of the former. 
Nevertheless, the proportion 16:1ω7 in Harpacticus sp. was only modest (10%) and the 
presence of bacterial markers (8%) and 18:4ω3 (5%) prevented the classification of this species 
as an exclusive diatom feeder. The diversity of trophic markers suggested the harpacticoid’s 
reliance on a heterogeneous food source, likely macroalgal epibiota whose FA screening showed 
the presence of bacteria, diatoms and flagellates. Epiphytes may constitute an important food 
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source for harpacticoid copepods, even more than their substrate (Mascart et al. 2013). Similar 
to many Antarctic amphipod species, Harpacticus sp. may exploit epiphytic diatoms and 
filamentous endo/ epiphytes which occur widespread throughout the macroalgae community 
along the WAP (Aumack 2011; Majewska et al. 2016). Also the natural δ13C composition of 
Harpacticus sp. (-21.3‰) supports the copepod’s reliance on epiphytic diatoms, as the range is 
similar (-21.8‰ in Aumack 2010).  
Despite the low 16:1ω7/ 18:4ω3 ratio in Alteutha, the high EPA/ DHA ratio was not indicative of 
a dinoflagellate-composed diet. Especially the low storage-associated DHA levels (1–2%) did not 
support a dinoflagellate-composed diet as the latter usually contains high DHA levels (Falk-
Petersen et al. 1998; Graeve et al. 1994b; Kelly and Scheibling 2012). Noticeable were the levels 
of 20:4ω6 in both membrane (7–8%) and storage (3–5%) lipids of Alteutha spp., as this essential 
FA occurs usually in much lower amounts (Werbrouck et al. 2016a, b). Although macroalgae are 
seldomly the prime food source of harpacticoid copepods (Cnudde et al. 2015; De Troch et al. 
2008), A. potter’s FA profile was in line with the previously reported FA composition of polar 
rhodophytes and phaeophytes. Generally, 18:4ω3, EPA and ARA dominate the FA composition of 
Phaeophyta, followed by 18:3ω3 and 18:2ω6. FAs 16:0 and EPA, together with 16:1ω7 and ARA 
are characteristic for Rhodophyta (Graeve et al. 2002).  
Alternatively, the high amounts of 18:3ω3 and 18:4ω3 in the storage lipids of Alteutha spp. 
suggested the assimilation of planktonic food sources. In particular, 18:4ω3 is indicative of 
cryptomonads (Arndt and Swadling 2006; Dalsgaard et al. 2003) and, together with 18:1ω9 may 
be a signature of feeding on a decaying Phaeocystis bloom (Dalsgaard et al. 2003; Graeve et al. 
2001). The prymnesiophyte Phaeocystis antarctica is among the first to occur in spring (Sep, Oct, 
Nov) within coastal Antarctic waters, and is succeeded in time by other major functional groups 
of diatoms and cryptomonads (Walsh et al. 2001). Consequently, a summer sampling may reflect 
the full impact of a potential prymnesiophyte bloom on the storage accumulation process of 
Alteutha spp.   
These FATM outcomes corresponded to the δ13C composition as the depleted value of A. potter (-
31.3‰) was within the range of red and brown macroalgae, previously sampled. These included 
Plocamium cartilagineum (-31.9‰-32.3‰) (Aumack et al. 2010; Dunton 2001), Georgiella sp. (-
33.6‰), Delesseriaceae (-32.7‰) and Phaeurus antarcticus (-29.6‰) previously collected from 
Potter Cove (Pasotti, pers. comm.). In addition, a consumer relying on pelagic primary 
production (-28‰) is typically more 13C depleted, while significant inputs from 
microphytobenthos (-13‰) or ice-algae (-18‰) would yield more enriched 13C values (Hobson 
et al. 1995; Pasotti et al. 2015). A. potter occurred year-round in plankton surveys in Potter Cove 
with maximum abundances observed in winter under the sea-ice (Veit-Köhler and Fuentes 
2007). Despite this tight sea-ice association, the depleted δ13C data did not support any 
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contribution of sea-ice algae to its diet. Consequently, storage lipids in A. potter screened in 
summer were likely devoid of any lipids originating from sea-ice algae incorporated during 
winter. An important driver of this process is the turnover time of storage FAs. The feeding 
experiment with A. potter with a pronounced depletion of storage FAs (14% remaining) after 10 
days of food stress confirmed a short turnover time (see further).  
3.5.2. Ecology of A. potter 
The high numbers of copepodites, adults and molts suggested that the A. potter population was 
in a period of growth at the time of sampling (summer). The association of copepodites (stage II, 
III and IV) with intertidal macroalgae, while consistently absent in previous plankton surveys in 
Potter Cove (Veit-Köhler and Fuentes 2007), support the assumption that macroalgae, 
abundantly present in- and outside the Cove (Klöser et al. 1996; Quartino et al. 2008), function 
as a nursery habitat for the offspring. The numerous red droplets dispersed throughout the body 
of A. potter were a remarkable feature and may reflect the presence of carotenoids (Schneider et 
al. 2016). The red coloration in copepods is thought to be an inducible trait and involved in 
partner attraction or protection against UV radiation-induced free radicals as carotenoids may 
function as antioxidants (Hansson 2000; Olson and Owens 1998). Possibly, both are relevant for 
A. potter considering the numerous mating pairs observed and their occurrence in tidal pools on 
the Península, which may be more UV-exposed. Furthermore, carotenoids support the 
production of steroid hormones and are thus involved in reproduction (Olson and Owens 1998). 
The red pigmentation may also act as a camouflage strategy. A. potter individuals previously 
collected from the plankton were described as bright amber-colored (Veit-Köhler and Fuentes 
2007), while the individuals associated with macroalgae in the current study were red. Color 
change can follow upon dietary switching, as reported for an Antarctic amphipod species 
(Tucker and Burton 1988).   
The higher FA content in A. potter (325 ng FA µg C-1) compared to Harpacticus sp. (160 ng FA 
µg C-1) was likely due to presence of lipid droplets. These presumed lipid bodies are generally 
composed of neutral lipids (Dahms et al. 1990; Williams and Biesiot 2004) such as di-, 
triacylglycerols (DAGs, TAGs) and wax esters (WEs), surrounded by phospholipids, glycolipids 
and/ or sterols, frequently in association with proteins (Murphy 2001). Accumulation of lipids in 
polar copepods provides energy for metabolic maintenance during periods of low food 
availability and for reproductive processes before the onset of the spring phytoplankton bloom 
so that juvenile development is synchronized with favorable environmental conditions (Hagen 
and Schnack-Schiel 1996). The peak of ovigerous females observed in the plankton after 
breakup of the sea-ice (Oct) and summer (end of Dec) (Veit-Köhler and Fuentes 2007) suggests 
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that this strategy may be adopted by A. potter as well.  
Although not analyzed specifically, storage FAs in all species were presumably TAG-rather than 
WE-associated, a frequent observation in Antarctic herbivorous and omnivorous copepods, in 
contrast to their Arctic counterparts (Dalsgaard et al. 2003). TAGs are mobilized faster than WEs 
and tend to be deposited by copepods that do not experience prolonged periods of starvation 
and have frequent access to food supply (Swadling et al. 2000), which may explain the 
occasional encounter of ovigerous females during winter (Veit-Köhler and Fuentes 2007). 
Feeding by these species is not restricted to the productive summer season (Swadling et al. 
2000) and an alternative, more opportunistic feeding strategy may evolve during the rest of the 
year such as grazing on heterotrophic protists, microzooplankton and sea-ice associated flora 
(Dalsgaard et al. 2003; Swadling et al. 2000). Another observation that challenges the 
importance of WEs in these species are the long-chain (LC) MUFA (20:1ω7/9, 22:1ω7/9 and 
24:1ω7/9) that occurred only in trace amounts at the moment of sampling. LC-MUFA (20:1ω9 
and 22:1ω11) are typically de novo produced by herbivorous calanoid copepods in large 
amounts (Fraser et al. 1989; Hagen and Auel 2001) and incorporated as WEs in large lipid stores 
to outlast a 4 - 9 month period without feeding (Kattner and Hagen 1995; Pond et al. 2012).  
3.5.3. Long-chain MUFA reflect trophic niche 
Despite their trace amounts, the diversity of LC-MUFA in all Antarctic harpacticoid species was 
remarkably high compared to temperate harpacticoids where only 20:1ω9 was detected in trace 
amounts (Cnudde et al. 2012; De Troch et al. 2012a; Werbrouck et al. 2016a, b). This possibly 
reflects an adaptation to high-latitudinal environments, as similar observations were made for 
Arctic harpacticoids (Budge et al. 2008). These LC-MUFA may be products of elongation events, 
given their low occurrence in macroalgal epibiota. The higher prevalence of 16:1ω7 in 
Harpacticus sp. and 18:1ω9 in Alteutha spp., supplied through different food sources, may 
explain the occurrence of ω7 LC- MUFA in the storage lipids of the former and rather ω9 in the 
latter (Figure 3.7). Both ω7 and ω9 LC-MUFA were rather equally present in the storage lipids 
of endobenthic harpacticoids with their precursors likely introduced through 
microphytobenthos (16:1ω7) or settled flagellates (18:1ω9). Bentho-pelagic coupling may be 
particularly tight in high-latitudinal environments as a higher proportion of biogenic material 
may reach the bottom than at lower latitudes (Corbisier et al. 2004). The ecological relevance 
behind chain elongation is the increased calorific value of FAs, for example to compensate for the 
species’ inability to produce WEs, as suggested by Kattner and Hagen (1995) for the Antarctic 
calanoid Calanus propinquus. It is assumed that marine copepods share a common, though 
flexible, lipid biosynthetic pathway (‘Type I fatty acid synthetase pathway’ Sargent and 
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Henderson 1986) that leaves enough potential for the different species to use those pathways 
best suited to fulfill the metabolic requirements (Kattner and Hagen 1995) in their particular 
habitat. 
 
Figure 3.7: Biochemical pathways in harpacticoid copepods in particular habitats, including an extension 
of the ω7 pathway (dashed box) (modified after Dalsgaard et al. 2003) 
3.5.4. Lipid dynamics of A. potter 
The overall food uptake by A. potter was low (0.02–0.1 µg C copepod-1) compared to the ones 
reported by Cnudde et al. (2011) (range 0.2–0.5 µg C copepod-1). This explained the lack of a 
food effect at the level of the copepod carbon content. Furthermore, the decrease in FA content 
suggested food shortage and nutritional stress, despite the ad libitum diatom supply. Although 
freeze-drying possibly reduces the nutritional value of the food and lowers digestibility 
(Albentosa et al. 1997), it preserved the differences in FA composition among the diatom 
species. Nonetheless, other food characteristics such as the cell morphology, the external 
epiflora and the presence of exudates may be affected by freeze-drying procedures and influence 
food perception by harpacticoids (Cnudde et al. 2011). Moreover, the morphology of A. potter 
suggests adaptation to clinging to a surface, as illustrated by their large maxilliped (Veit-Köhler 
and Fuentes 2007). Therefore, the lack of a substratum in the experimental units may have 
impeded natural feeding behavior.   
More likely, diatoms did not contribute to A. potter’s natural diet, at least during summer as 
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appeared from the field FA and δ13C compositions. Consequently, the outcome of the experiment 
highlighted the response of A. potter to the combined effects of nutritional and temperature 
stress rather than any effect of resource availability in the adaptation to elevated temperature. 
Food stress and elevated temperature strongly affected A. potter’s energy balance as the 
membrane and storage FA content were 3 to 4 times reduced. This illustrated the highly 
dynamic nature of the lipid reserves and their short turnover times. Vulnerability to food stress 
might especially peak during energy-costly events such as molting and definitively played a role 
during experimental incubation considering the presence of copepodites. Active feeding occurs 
only during the intermolt, while feeding declines and stops prior and during the molt, 
respectively (Sánchez-Paz et al. 2006). Elevated temperature enhanced FA depletion of 
membrane and storage lipids, likely the consequence of increased metabolic rates (Gillooly et al. 
2001). Furthermore, elevated temperature was related to FA compositional changes in the 
membrane lipids, in line with the response observed in temperate harpacticoids (Werbrouck et 
al. 2016b), i.e. a decline and increase of the ratios 16:0/ 18:0 and DHA/ EPA, respectively. Also, 
nutritional stress selected for DHA and against EPA in the membrane lipids of A. potter, which 
may reflect scarcity of the former compared to the latter in the natural diet. Furthermore, a 
mixed diet buffered alterations in membrane FA composition. However, the effect was only 
modest and did not result in fitness benefits such as higher survival.   
Storage depletion occurred selectively at the level of the FA classes. PUFA dominated the storage 
lipids, and consequently, were also relatively more metabolized compared to SFA, MUFA and 
HUFA, regardless of the temperature regime. Increased mortality at 1 °C (outdoors) compared to 
3 °C (indoors) was peculiar and may have been caused by the larger temperature fluctuations in 
the outdoor tanks. However, intertidal organisms are regularly exposed to large temperature 
fluctuations in their natural environment (Williams and Somero 1996; Zacher et al. 2009). In 
particular, organisms inhabiting tide pools in Potter Península may experience water 
temperatures up to 14 °C which may be reached within a few hours on sunny days during 
austral summer (Klöser and Arntz 1994). Possibly additional stress from food alteration played 
a role in the reduced tolerance to temperature fluctuations as food intake has a strong impact on 
energy balance, the latter being a fundamental requirement for stress adaptation and tolerance 
(Sokolova et al. 2012). 
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Table 3.6: Relative FA composition (% ± 1 SD) of Navicula, Nitzschia, Cylindrotheca after 13C labeling and 
freeze-drying 
  Navicula Nitzschia Cylindrotheca  
14:0 6.2±0.1 8.9±0.1 10.7±0.1 
14:1ω5 0.1±0.1 - - 
i-15:0 0.2±0.005 - - 
15:0 1.0±0.005 0.6±0.01 0.6±0.009 
16:0 20.5±0.6 18.4±0.1 18.4±0.1 
16:1ω5 0.4±0.04 1.0±0.04 0.7±0.0007 
16:1ω7 28.3±0.3 30.0±0.3 28.1±0.1 
16:1ω9 0.2±0.02 0.2±0.008 0.2±0.001 
16:2 4.4±0.1 2.6±0.02 2.1±0.0009 
16:3 - - - 
16:3ω4 2.1±0.1 2.7±0.04 1.8±0.02 
16:4 - - - 
16:4ω4 3.2±0.2 1.4±0.03 2.3±0.03 
18:0 1.3±0.2 0.5±0.1 0.5±0.1 
18:1ω7c 1.2±0.1 0.9±0.01 0.5±0.02 
18:1ω9c 0.3±0.02 1.0±0.02 1.2±0.04 
18:2 0.04±0.07 - - 
18:2ω6c - 1.9±0.02 2.0±0.1 
18:3ω3 0.2±0.008 - - 
18:3ω6 - 1.3±0.02 1.3±0.03 
18:4ω3 3.1±0.1 0.8±0.01 0.8±0.02 
20:3ω6 - 0.4±0.008 0.4±0.002 
20:4ω6 - 6.8±0.1 6.8±0.1 
20:5ω3 23.7±0.4 17.7±0.2 19.8±0.1 
21:5ω3 0.2±0.03 - - 
22:5ω3 0.2±0.1 0.3±0.03 - 
22:5ω6 - 1.5±0.07 0.9±0.005 
22:6ω3 3.3±0.1 1.0±0.02 0.8±0.02 
24:0 - 0.2±0.007 0.1±0.02 
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Table 3.7: Relative FA composition (% ± 1 SD) of membrane and storage lipids of A. potter after 
incubation with different diatom species at 1 °C and 3 °C. Nav - Navicula, Nit – Nitzschia, Cyl – 
Cylindrotheca, mixed – combination of the three diatom species 
    Membrane lipids 
  
1 °C 
  
3 °C 
  field Nav Nit Cyl mixed     Nav Nit Cyl mixed 
12:0 - - - - - 
 
 - - 0.03±0.1 - 
14:0 0.4±0.2 0.3±0.1 0.2±0.1 0.4±0.1 0.4±0.1 
 
 0.2±0.03 0.4±0.1 0.9±1.2 0.1±0.02 
15:0 - - - 0.1±0.01 - 
 
 - - - - 
16:0 10.3±1.1 8.0±0.4 6.2±0.8 9.3±0.9 8.5±0.1 
 
 7.6±0.6 8.3±0.6 7.3±0.5 6.4±0.5 
16:1ω5 - - - - - 
 
 - - 0.03±0.1 - 
16:1ω7 0.1±0.02 0.2±0.04 0.1±0.05 0.2±0.1 0.2±0.02 
 
 0.2±0.1 0.3±0.1 0.3±0.3 0.1±0.03 
16:1ω9 0.1±0.01 - - - - 
 
 - - 0.1±0.1 - 
17:0 0.1±0.01 0.2±0.01 0.2±0.1 0.2±0.007 0.2±0.002 
 
 0.2±0.02 0.2±0.008 0.1±0.1 0.2±0.02 
18:0 7.0±0.1 9.6±1.0 8.4±0.2 10.2±1.7 9.0±1.4 
 
 11.1±1.7 11.4±1.3 7.3±5.3 10.1±1.3 
18:1 0.2±0.004 0.2±0.01 0.3±0.02 0.3±0.01 0.3±0.01 
 
 0.2±0.005 0.3±0.04 0.2±0.05 0.2±0.03 
18:1ω7c 0.7±0.04 0.9±0.1 0.9±0.1 0.8±0.03 0.9±0.009 
 
 0.9±0.01 0.9±0.1 0.9±0.3 0.8±0.1 
18:1ω9c 2.1±0.1 2.6±0.1 2.6±0.1 2.8±0.02 2.7±0.1 
 
 2.6±0.1 2.9±0.2 3.7±1.9 2.5±0.1 
18:2ω6c 1.1±0.02 0.8±0.1 0.8±0.1 0.9±0.03 0.9±0.03 
 
 0.8±0.03 0.9±0.004 1.1±0.6 0.8±0.1 
18:3ω3 1.1±0.04 0.6±0.1 0.6±0.01 0.7±0.03 0.7±0.03 
 
 0.6±0.05 0.6±0.03 3.5±5.3 0.5±0.04 
18:4ω3 0.7±0.1 0.2±0.05 - 0.3±0.02 0.3±0.02 
 
 0.2±0.04 0.2±0.01 5.4±9.1 0.2±0.04 
20:0 0.2±0.01 0.2±0.007 0.2±0.04 0.2±0.02 0.2±0.01 
 
 0.2±0.01 0.2±0.009 0.1±0.04 0.2±0.02 
20:1ω7 0.1±0.001 - - 0.1±0.001 - 
 
 - - - - 
20:1ω9 2.2±0.1 2.3±0.1 2.5±0.01 2.4±0.1 2.3±0.03 
 
 2.1±0.04 2.2±0.1 2.3±0.2 2.1±0.2 
20:2ω6 1.6±0.04 1.4±0.1 1.5±0.04 1.5±0.005 1.5±0.1 
 
 1.4±0.02 1.4±0.04 1.9±0.8 1.4±0.1 
20:3ω3 1.2±0.1 0.7±0.1 0.7±0.04 0.8±0.04 0.8±0.1 
 
 0.7±0.05 0.7±0.02 1.6±1.6 0.7±0.1 
20:3ω6 0.2±0.005 0.2±0.03 0.2±0.1 0.2±0.01 0.2±0.04 
 
 0.2±0.01 0.3±0.04 0.3±0.1 0.2±0.03 
20:4 0.1±0.02 - - - - 
 
 - - - - 
20:4ω3 1.3±0.1 0.9±0.1 0.9±0.1 0.9±0.03 0.9±0.1 
 
 1.0±0.1 1.0±0.1 3.3±4.0 1.1±0.4 
20:4ω6 6.8±0.2 6.1±0.6 7.1±0.5 6.6±0.5 6.6±0.6 
 
 6.2±0.2 5.9±0.5 5.8±1.9 6.5±1.1 
20:5ω3 34.0±0.8 28.5±0.5 28.9±0.6 27.2±0.8 28.4±0.6 
 
 26.8±0.8 25.6±0.8 26.5±1.8 27.3±0.2 
21:5ω3 0.5±0.1 0.5±0.1 0.7±0.7 0.7±0.5 0.5±0.01 
 
 0.5±0.1 0.4±0.1 0.6±0.3 0.4±0.04 
22:1ω7 0.04±0.1 - - - - 
 
 2.5±0.2 2.6±0.3 0.1±0.2 - 
22:1ω9 2.2±0.2 2.8±0.04 2.9±0.2 2.6±0.2 2.5±0.1 
 
 - - 1.7±1.0 2.6±0.3 
22:2ω6 0.2±0.02 0.2±0 - 0.2±0.003 0.2±0.01 
 
 0.2±0.02 0.2±0.04 0.2±0.1 0.3±0.02 
22:5ω3 1.0±0.04 0.8±0.1 0.8±0.1 0.7±0.006 0.7±0.1 
 
 0.8±0.1 0.9±0.02 1.1±0.4 0.8±0.1 
22:5ω6 0.2±0.04 0.4±0.04 0.1±0.2 0.4±0.1 0.4±0.04 
 
 0.4±0.1 0.4±0.1 0.3±0.1 0.5±0.2 
22:6ω3 23.0±0.7 29.9±1.4 31.6±1.5 28.1±0.3 29.5±0.4 
 
 31.1±1.7 30.4±0.03 22.0±16.6 32.6±0.7 
24:1ω9 1.1±0.1 1.3±0.01 1.6±0.1 1.4±0.03 1.4±0.1 
 
 1.5±0.03 1.4±0.1 1.1±0.3 1.4±0.1 
SFA 18.2±1.2 18.2±1.5 15.2±0.8 20.3±1.3 18.3±1.4    19.2±2.3 20.5±0.6 15.9±3.7 17.0±1.6 
MUFA 8.7±0.4 10.4±0.4 10.8±0.3 10.5±0.2 10.3±0.1 
 
 9.9±0.1 10.7±0.9 10.4±1.4 9.8±0.3 
PUFA 73.1±1.0 71.4±1.2 74.0±0.6 69.2±1.5 71.4±1.4 
 
 70.9±2.2 68.8±0.3 73.7±2.5 73.2±1.6 
HUFA 68.4±1.0 68.1±1.2 71.1±0.5 65.7±1.4 67.9±1.3 
 
 67.6±2.3 65.5±0.3 61.5±13.8 70.1±1.5 
DHA/ EPA 0.7±0.03 1.0±0.1 1.1±0.03 1.0±0.04 1.0±0.03    1.2±0.03 1.2±0.04 0.8±0.6 1.2±0.02 
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    Storage lipids 
  
1 °C 
  
3 °C 
  field Nav Nit Cyl mixed     Nav Nit Cyl mixed 
12:0 0.1±0.1 0.2±0.1 0.2±0.1 0.1±0.04 0.1±0.004 
 
 0.2±0.05 0.1±0.1 0.1±0.03 0.1±0.1 
14:0 1.6±0.3 2.2±0.02 2.6±0.5 2.0±0.2 2.1±0.1 
 
 2.4±0.1 2.3±0.3 2.1±0.2 2.2±0.1 
15:0 0.1±0.01 0.1±0.02 0.2±0.1 0.1±0.02 0.1±0.01 
 
 0.1±0.01 0.2±0.1 0.1±0.002 0.1±0.02 
16:0 7.8±0.3 8.3±0.5 9.0±0.8 8.2±0.3 8.2±0.3 
 
 8.3±0.2 12.6±6.9 8.3±0.4 8.6±0.3 
16:1ω5 0.1±0.02 0.1±0.01 - - 0.1±0.02 
 
 0.1±0.1 - 0.1±0.02 0.1±0.02 
16:1ω7 0.6±0.04 0.7±0.04 0.7±0.02 0.6±0.02 0.7±0.03 
 
 0.7±0.02 0.7±0.1 0.6±0.1 0.7±0.05 
16:1ω9 0.2±0.02 0.1±0.01 1.0±0.9 0.1±0.05 0.2±0.1 
 
 0.2±0.1 0.3±0.2 0.2±0.1 0.1±0.02 
17:0 - 0.1±0.001 0.1±0.02 - - 
 
 - 0.1±0.1 - 0.1±0.01 
18:0 1.3±0.1 2.4±1.6 1.8±0.04 1.8±0.5 1.7±0.1 
 
 1.9±0.5 6.9±8.5 1.7±0.3 2.0±0.5 
18:1 0.1±0.01 0.2±0.009 0.1±0.1 0.1±0.1 0.1±0.04 
 
 0.2±0.02 - 0.1±0.03 0.1±0.02 
18:1ω7c 1.0±0.03 1.2±0.1 1.2±0.2 1.1±0.02 1.2±0.1 
 
 1.2±0.1 1.1±0.2 1.1±0.1 1.1±0.04 
18:1ω9c 4.6±0.2 5.6±0.2 5.9±0.4 5.4±0.2 5.4±0.3 
 
 5.6±0.1 5.2±0.9 5.6±0.3 5.7±0.1 
18:2 0.1±0.002 - - - - 
 
 - - - - 
18:2ω6c 2.2±0.1 1.7±0.1 1.7±0.2 1.8±0.1 1.8±0.1 
 
 1.8±0.1 1.5±0.3 1.7±0.1 1.8±0.1 
18:3ω3 11.2±0.1 9.4±0.5 8.9±0.8 10.0±0.2 9.5±0.5 
 
 9.6±0.5 7.9±2.0 9.5±0.2 10.0±0.5 
18:3ω6 0.3±0.03 0.2±0.02 0.2±0.04 0.2±0.03 0.2±0.03 
 
 0.2±0.02 0.2±0.04 0.2±0.02 0.2±0.04 
18:4ω3 21.9±0.2 15.9±1.1 14.2±1.6 17.1±0.8 15.7±1.4 
 
 16.0±0.9 13.1±3.6 16.1±0.3 17.0±1.1 
20:0 0.1±0.03 - - - - 
 
 0.1±0.1 - - - 
20:1ω9 1.7±0.02 2.3±0.03 2.5±0.3 2.3±0.2 2.4±0.2 
 
 2.3±0.1 2.2±0.6 2.4±0.2 2.1±0.1 
20:2ω6 2.3±0.02 2.6±0.1 2.7±0.2 2.6±0.2 2.7±0.03 
 
 2.6±0.1 2.3±0.6 2.6±0.2 2.5±0.04 
20:3ω3 3.1±0.1 3.2±0.2 3.3±0.5 3.2±0.2 3.2±0.1 
 
 3.1±0.1 2.7±0.8 3.2±0.2 2.9±0.1 
20:3ω6 0.4±0.01 0.4±0.02 0.4±0.1 0.4±0.1 0.4±0.05 
 
 0.4±0.02 0.3±0.2 0.4±0.04 0.3±0.05 
20:4 0.1±0.01 - - - - 
 
 - - - - 
20:4ω3 6.6±0.2 7.2±0.8 7.4±1.3 7.2±0.6 7.1±0.3 
 
 7.2±0.2 6.6±1.5 7.7±0.7 7.0±1.2 
20:4ω6 3.4±0.4 3.9±0.6 4.7±0.3 3.2±0.5 4.4±0.8 
 
 3.5±0.5 3.7±1.0 3.6±0.8 3.1±0.2 
20:5ω3 23.0±0.8 24.4±0.1 24.4±0.8 25.2±0.9 25.2±0.5 
 
 25.0±0.8 23.0±5.6 25.3±0.6 25.4±1.0 
21:5ω3 1.0±0.04 1.0±0.1 1.0±0.03 1.0±0.1 1.0±0.03 
 
 1.0±0.1 0.9±0.1 0.9±0.03 0.9±0.2 
22:1ω7 - 1.0±0.3 0.8±0.1 - 1.0±0.4 
 
 - 0.9±0.1 1.2±0.3 0.9±0.3 
22:1ω9 0.4±0.1 - - 1.3±0.3 - 
 
 0.7±0.1 - - - 
22:2ω6 0.1±0.003 0.1±0.02 - - 0.04±0.1 
 
 0.3±0.5 - 0.1±0.1 - 
22:5ω3 1.7±0.1 1.7±0.2 1.4±0.3 1.5±0.1 1.5±0.1 
 
 1.6±0.1 1.3±0.3 1.6±0.1 1.5±0.2 
22:5ω6 - - - - - 
 
 - - 0.1±0.1 - 
22:6ω3 2.1±0.2 3.0±0.3 2.9±0.1 2.8±0.2 3.0±0.1 
 
 3.0±0.2 3.1±0.1 2.9±0.1 3.0±0.5 
24:1ω9 0.5±0.02 0.7±0.1 0.7±0.05 0.5±0.2 0.8±0.1 
 
 0.7±0.01 0.6±0.2 0.6±0.1 0.5±0.05 
SFA 11.0±0.7 13.3±2.1 13.9±1.5 12.3±0.8 12.2±0.4    13.0±0.7 22.2±15.4 12.3±0.7 12.9±0.7 
MUFA 9.3±0.3 12.0±0.5 12.9±1.4 11.4±0.4 11.9±0.3 
 
 11.7±0.4 11.0±1.4 11.9±0.5 11.4±0.3 
PUFA 79.6±1.0 74.8±2.2 73.2±2.8 76.3±0.4 75.9±0.6 
 
 75.4±1.0 66.7±14 75.8±0.3 75.7±0.7 
HUFA 41.5±1.0 44.9±0.6 45.4±1.9 44.5±0.9 45.9±1.3 
 
 44.8±1.1 41.7±7.5 45.6±0.2 44.1±1.1 
DHA/ EPA 0.1±0.004 0.1±0.01 0.1±0.004 0.1±0.01 0.1±0.004    0.1±0.006 0.1±0.04 0.1±0.002 0.1±0.02 
  
CHAPTER 3 
76 
 
 
Figure 3.8: Daily midday temperature recordings (°C) of the in- and outdoor water tanks 
 
 
Figure 3.9: (a) EPA (ng copepod-1) and (b) DHA (ng copepod-1) associated with glycolipids (+ 1 SD), 
membrane and storage lipids (- 1 SD) in A. potter after incubation with different diatom species at 1 °C and 
3 °C. Nav - Navicula, Nit – Nitzschia, Cyl – Cylindrotheca, mixed – combination of the three diatom species 
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4.1. Abstract 
Dietary lipids, and in particular the essential fatty acids (EFAs), EPA (20:5ω3) and DHA 
(22:6ω3), guarantee the well-being of animals and are recognized for their potential bottom-up 
control on animal populations. They are introduced in marine ecosystems through primary 
producers and when grazed upon, they are consumed, incorporated or modified by first-level 
consumers. As the availability of EFAs in the ecosystem is affected by ambient temperature, the 
predicted rise in ocean temperature might alter the availability of these EFAs at the basis of 
marine food webs. Despite the FA bioconversion capacity of certain benthic copepod species, 
their lipid (FA) response to varying temperatures is understudied. Therefore, the temperate, 
intertidal copepod Platychelipus littoralis was offered a mono and mixed diatom diet at 4, 15 °C 
(normal range) and at 24 °C (elevated temperature) to investigate the combined effects of 
temperature and resource availability on its FA content and composition. P. littoralis showed a 
flexible thermal acclimation response. Cold exposure increased the degree of FA unsaturation 
and the EPA%, and induced a shift towards shorter chain FA in the copepod’s membranes. 
Furthermore, a mixed diet reduced the impact of heat stress on the copepod’s membrane FA 
composition. Temperature affected the trophic transfer of EPA and DHA differently. While 
dietary resources could fully compensate for the temperature effects on total lipid and EPA 
content in the copepods, no such counterweight was observed for the DHA dynamics. Heat stress 
lowered the DHA concentration in copepods regardless of the resources available and this 
implies negative effects for higher trophic levels. 
4.2. Introduction 
Lipids provide the densest form of energy in aquatic ecosystems (Parrish 2009) and are 
therefore primordial to unravel the energy flux among the different food web compartments. 
Moreover, lipids are a well-known dietary requirement for growth and development of animals 
(Wagner et al. 2013) but also reproduction (Marshall et al. 1999). In addition, specific lipid 
components i.e. the essential fatty acids (EFAs) 20:5ω3 (EPA) and 22:6ω3 (DHA) enhance the 
organism’s growth rate (Thompson and Harrison 1992; Von Elert 2002) and can favor 
reproductive success (Arendt et al. 2005; Jónasdóttir et al. 2005). EFAs are critical nutritional 
lipid components as they cannot be synthesized in sufficient quantities by animals (Litzow et al. 
2006) and must be obtained through the diet. Species-specific differences in EFA requirement 
have been linked to the reorganization of fish communities evoked by changes in the ecosystem 
EFA availability, the so-called ‘EFA limitation hypothesis’ (Litzow et al. 2006). In particular, 
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climate regime shifts forced rapid transitions of fish communities from lipid (EFA)-rich pelagic 
fish to lipid (EFA)-poor demersal fish. Several physical mechanisms determine the availability of 
EFA in the ecosystem, including temperature (Litzow et al. 2006).   
Temperature determines the performance of living systems (Guderley and St-Pierre 2002; 
Kraffe et al. 2007), especially considering ectotherms. One way for ectotherms to cope with a 
variable thermal environment is to exploit the chemical diversity of lipids (Hazel and Williams 
1990). Moreover, the combination of FAs with different functional head groups, the so-called 
phospholipid classes, results in phospholipids that are characterized by an enormous molecular 
species diversity (Dowhan 1997). Phospholipids are important membrane components and their 
composition changes when organisms are exposed to variable environmental conditions (Hazel 
and Williams 1990). These adaptations guarantee a continued membrane function and 
consequently an optimal course of major bioenergetic and synthetic processes (Martin et al. 
2014). Elevated temperature also enhances the rates of other biological and ecological processes 
including growth rate, reproduction and behavioral activity at the organismal level (Angilletta et 
al. 2002; Lemoine and Burkepile 2012) and population growth rate, species interactions, 
nutrient recycling and eventually trophic energy flow at the ecological level (Glazier 2015). 
Investigating temperature effects on biochemical ecology with special focus on EFA dynamics is 
relevant in the context of global warming (Falk-Petersen et al. 2007; Søreide et al. 2010) and its 
impact on economically important fisheries.  
Virtually all lipids in marine fish originate from phytoplankton and zooplankton at the basis of 
the marine food web (Ravet et al. 2010; Tocher 2003). Algal lipids are the major dietary 
components for primary consumers (Guschina and Harwood 2009), who consume, incorporate, 
modify dietary FAs and synthesize other FAs themselves (Lee et al. 2006; Parrish 2009). 
However, the amount of research on freshwater zooplankton (Ahlgren et al. 1990; Burns et al. 
2011; Masclaux et al. 2009; 2012; McMeans et al. 2015) and marine zooplankton (Pond et al. 
2012) contrasts with the limited information available for benthic copepods (Copepoda, 
Harpacticoida) (Nanton and Castell 1998, 1999). Yet, their ubiquitous occurrence in all aquatic 
habitats (marine, brackish and fresh water), high abundance in the meiobenthos (Hicks and 
Coull 1983), their importance as prey items for juvenile fish (Hicks and Coull 1983) and their FA 
bioconversion capacity (De Troch et al. 2012a; Norsker and Støttrup 1994) underlines their 
importance in the food web as potential ‘trophic upgraders’.  
The aim of this experiment is to investigate the effect of temperature on the trophic transfer of 
FAs from temperate, benthic diatoms to their grazer, the harpacticoid copepod Platychelipus 
littoralis Brady 1880, collected from the Westerschelde estuary (the Netherlands). The diatom 
species are offered to the harpacticoid as a monospecific diet (mono diet herein) and as a mixed 
diet since the diversity of food sources can influence the trophic transfer from primary 
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producers to grazers (Wyckmans et al. 2007). These diet treatments are triplicated at 4, 15 and 
24 °C simulating the average winter temperature, the optimal growth temperature (no stress) 
and a high summer temperature (heat stress), respectively. We hypothesize that a mixed diatom 
diet (mixed diet) facilitates the harpacticoid's temperature acclimation and maintains its energy 
balance in terms of FAs. Diatoms are central in our research question as they are abundant in 
most aquatic habitats and are considered the dominant primary producers in sustaining marine 
food chains (Guschina and Harwood 2006b). Furthermore, microphytobenthos, mainly 
composed of diatoms, is of high dietary importance for the majority of intertidal harpacticoid 
taxa, including P. littoralis at our sampling site (Cnudde et al. 2015).   
Firstly, this study investigates the impact of temperature and resource availability on the 
copepod's thermal acclimation response by examining the FA content and composition of the 
copepod's membranes. Secondly, the copepod’s fitness is evaluated based on its survival, 
reproductive output and FA content of the storage lipids. Finally, analysis of the diatoms' and 
harpacticoids' total FA content, EPA and DHA concentrations shed light on how temperature 
impacts the trophic transfer of energy and EFAs at the basis of the food web. Exposure of both, 
food sources and consumer to varying temperature provides a more realistic scenario on how 
temperature influences the energy transfer. More specifically, temperature does not only 
directly impact the copepod's metabolism and therefore its energy household, but also the 
nutritive value of its food source i.e. the presence of lipids and EFAs in diatoms. 
4.3. Material and Methods 
4.3.1. Diatom strains and harpacticoid copepod species 
The original diatom strains were sampled in the Westerschelde estuary (51°21′N, 3°43′E; SW 
Netherlands) but for this experiment Navicula sp. was available in culture, and Nitzschia sp. 
(DCG 0421) and Cylindrotheca fusiformis (DCG 0423) were obtained from the culture collection 
of the Protistology and Aquatic Ecology Research Group (UGent) (http://bccm.belspo.be). Prior 
to the set-up of the grazing experiment and the diatom control lines, the diatom species were 
grown to higher densities in f/2 medium that was prepared with filtered and autoclaved natural 
seawater (Guillard 1975) in a culture room at 15±1 °C under a 12:12 h light-dark period  
(25–50 mmol photons m-2 s-1) for 14 days. Diatom cell lengths were 37.8±2.3 µm for C. fusiformis, 
33.6±1.4 µm for Navicula sp. and 36.6±1.5 µm for Nitzschia sp. (inverted microscope Zeiss 
Axiovert 40C).  
The grazers (harpacticoid copepods) used in this experiment were also collected in the same 
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estuary from the top sediment layer in a small intertidal creek at the Paulina saltmarsh 
(February 2013 – average temperature: 1±1 °C). The sluggish, non-swimming harpacticoid 
Platychelipus littoralis Brady 1880 (family Laophontidae) was extracted alive using sediment 
decantation. Subsequently, adult specimens were randomly collected with a glass pasteur 
pipette using a Wild M5 binocular. All harpacticoids were kept overnight in glass jars with some 
sediment aliquots at 15±1 °C prior to the start of the experiment. 
4.3.2. Experimental set-up 
Diatom control lines were set up by incubating each diatom species separately in small glass jars 
with a surface area of 38.5 cm² filled with 180 ml of f/2 medium based on filtered (0.8 µm) and 
autoclaved natural seawater. These control lines had original cell densities of 50 000 cells/cm² 
and were incubated at 4, 15 and 24 °C (±1 °C) under a 12:12 h light-dark regime (25– 50 µmol 
photons m-2 s-1) for a period of 16 days. The grazing experiment consisted of triplicates of 150 
P. littoralis copepods (a natural mix of adult males and gravid females), that were offered the 
diatom C. fusiformis (mono diet treatment) or a mixture of the three diatom species present at 
equal cell densities (mixed diet treatment). Both diet treatments were triplicated at 4, 15 and 
24 °C. Total cell density in the mono and mixed diet treatments was similar and ad libitum (50 
000 cells/cm²) for the copepod P. littoralis (De Troch et al. 2012a). After 16 days, the diatom 
controls incubated at three temperatures were harvested. Diatom cells were counted by means 
of an inverted microscope (Zeiss Axiovert 40C) and stored at –80 °C for lipid fractionation and 
subsequent FA analysis. Harpacticoid mortality and nauplius abundance were determined in all 
treatments. Surviving individuals from each experimental unit were washed three times in 
artificial seawater to remove food particles from the cuticle and left for 6 h to allow gut 
clearance. Finally, these harpacticoid samples (minimum 100 individuals) were stored at –80 °C 
for further lipid fractionation and FA analysis. 
4.3.3. Lipid fractionation and FA analysis 
Total lipids of freeze-dried diatoms and harpacticoids were extracted with a modified Bligh and 
Dyer extraction (Findlay et al. 1989). Subsequently, the total lipid extract was fractionated on 
silicic acid columns (Merck) into different polarity classes by sequential eluting with chloroform, 
acetone and methanol (Christie 1989). Derivatization of PLFA (phospholipid fatty acids) in the 
methanol fraction to FAMEs (fatty acid methyl esters) was obtained using a mild alkaline 
methanolysis as in Boschker et al. (1999). FA associated with the acetone and chloroform 
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fractions were derivatized using a modified method after Abdulkadir and Tsuchiya (2008). Here, 
the boron trifluoride-methanol reagent was replaced by a 2.5% H2SO4-methanol solution, since 
BF3-methanol can cause artifacts or loss of PUFA (Eder 1995). FAME of 19:0 (Fluka 74208) was 
added as internal standard. In order to obtain sufficient concentrations to reach the detection 
limits, the FAMEs were concentrated to 200 ml hexane in glass vials with inserts. FAMEs (1 µl) 
were injected and analyzed using a Hewlett Packard 6890N gas chromatograph coupled to an HP 
5973 mass spectrometer as in De Troch et al. (2012a). Identification of individual FAMEs was 
accomplished by the use of a component FAME and BAME mix (Supelco #47885 and #47080 
respectively, Sigma-Aldrich) and completed with additional standards (Larodan). The 
quantification function of each individual FAME was obtained by linear regression of the 
chromatographic peak areas and corresponding known concentrations of the standards (ranging 
from 25 to 200 µg ml-1). Shorthand FA notations of the form A:BωX were used, where A 
represents the number of carbon atoms, B gives the number of double bonds, and X gives the 
position of the double bond closest to the terminal methyl group. 
4.3.4. Data analysis 
The effects of temperature and diet on copepod survival (%), nauplius abundance, total FA 
content, EPA and DHA concentrations in the copepods were tested with two-way ANOVA tests 
using the software SPSS (IBM© SPSS© Statistics Version 22) (significance level < 0.05). Three-
way ANOVA tests with the factors temperature (4–15–24 °C), diet (mono–mixed) and lipid 
classes (membrane lipids – storage lipids) were performed for the following variables: FA 
content, EPA and DHA in the copepods. Regarding the diatom species, a two-way ANOVA test 
with the factors temperature (4–15 –24 °C) and diatom species (C. fusiformis, Navicula sp. and 
Nitzschia sp.) was performed for the total FA content, EPA and DHA concentrations.   
In case of significant differences, Tukey HSD post hoc tests were applied to detect pairwise 
differences, using 95% confidence limits. Absolute data were log transformed in order to meet 
the assumptions of normality and homogeneity of variances (Levene's test). In case the 
assumptions were not met after transformation, a three-way PERMANOVA test was performed 
using Primer 6 Version 6.1.11 and 1.0.1 (Clarke and Gorley 2006). PERMDISP tests were applied 
to check for the homogeneity of variance among the tested groups (p < 0.05).   
Prior to the multivariate statistics, relative (%) FA data of diatom species, membrane and 
storage lipids of copepods were arcsine square root transformed to meet the assumptions for 
normality and homogeneity of variance. Subsequently, a non-metric multidimensional scaling 
method (nMDS) (Bray Curtis similarity) ordered the samples in a low-dimensional space 
(Primer 6 software). A one-way analysis of similarity test (ANOSIM) indicated to what extent the 
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FA composition of membrane and storage lipids of copepods clustered according to temperature 
and this was performed for each diet treatment. A two-way ANOSIM test indicated whether the 
diatoms' FA composition grouped according to temperature and diatom species. In case ANOSIM 
indicated significant temperature grouping, similarity percentage analysis (SIMPER) was 
performed to reveal the FAs contributing most to the observed differences. SIMPER analysis was 
restricted to the membrane FA composition, in view of the research questions put forward. In 
addition, multivariate analysis of FAs was performed to determine the contribution of the 
different diatom sp. to the harpacticoid’s overall FA profile (when offered the mixed diet) under 
the different temperature regimes (SIMPER). Glycolipids were not tested statistically as they 
represented only a minor fraction of the total lipid content (< 12%). 
4.4. Results 
4.4.1. Diatoms 
FA content and composition, EPA and DHA concentrations 
Incubation temperature affected the FA content and EPA concentration differently in the diatom 
species (both p < 0.001 for temperature; both p < 0.01 for temperature*diatom species inter- 
action). More specifically, in Nitzschia sp. exposure to 24 °C reduced the FA content significantly 
(Tukey HSD all p < 0.01). In Navicula sp. and C. fusiformis the highest FA content was observed 
after incubation at 15 °C (Tukey HSD all p < 0.05) (Table 4.1). Furthermore, the lowest EPA 
concentration was found in Navicula sp. at 24 °C compared with 15 °C (Tukey HSD p < 0.01). In 
Nitzschia sp., the highest EPA concentration was found after incubation at 15 °C, followed by 4 °C 
and 24 °C (Tukey HSD all p < 0.05). In C. fusiformis, the highest EPA concentration was observed 
at 15 °C (Tukey HSD all p < 0.001). Temperature did not significantly affect the DHA 
concentration in the diatom species. The FA composition of the diatom species grouped 
significantly according to temperature and species (two-way ANOSIM, both global R=1) (Figure 
4.1). Details on the FA profiles (%) of the diatom species exposed to different temperatures are 
available in Appendix Table 4.5. 
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Table 4.1: Average concentrations (± SD) of summed FAs (ng/ cell), EPA (20:5ω3) and DHA (22:6ω3) 
(pg/ cell) in the diatoms C. fusiformis, Navicula sp. and Nitzschia sp. after exposure to 4, 15 and 24 °C 
  C. fusiformis   Navicula sp.   Nitzschia sp. 
 
4°C 15°C 24°C 
 
4°C 15°C 24°C 
 
4°C 15°C 24°C 
∑FAs 3.5±0.7 17.6±2.0 7.7±2.6 
 
79.9 ± 14.7 158.4±39.7 63.1±4.3 
 
20.9±6.5 37.6±7.6 6.7±1.3 
EPA 1.0±0.2 5.0±0.6 1.3±0.5 
 
18.8±4.5 26.7±9.4 9.9±1.1 
 
2.6±0.6 5.5±1.3 1.0±0.1 
DHA 0.2±0.1 0.2±0.1 0.1±0.1 
 
2.1±0.5 2.3±0.7 1.6±0.4 
 
0.2±0.2 0.7±0.3 0.2±0.1 
 
 
Figure 4.1: Non-metric multidimensional scaling (Bray Curtis similarity) of arcsine square root 
transformed relative FA data (%) of the three diatom species after temperature exposure. Symbols and 
colors refer to the different incubation temperatures and diatom species, respectively 
4.4.2. Copepods 
Survival and reproduction 
Despite a survival range from 91±5% to 97±2% in the mono and mixed treatments at 24 °C, no 
significant temperature or diet effect was observed, in contrast to nauplius abundance 
(p < 0.001 for temperature and diet; p < 0.01 for temperature*diet interaction). In case mono 
diets were offered, the highest nauplius abundance was found at 15 °C (484±112 nauplius/unit) 
followed by 24 °C (73±60 nauplius/unit) and 4 °C (4±3 nauplius/unit) (Tukey HSD all p < 0.05). 
When a mixed food source was offered, the highest nauplius abundance was observed at 15 °C 
and 24 °C (1502±770 nauplius/unit and 2992±1150 nauplius/unit, respectively) compared with 
4 °C (21±10 nauplius/unit) (Tukey HSD both p < 0.001). A significant diet effect was only 
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observed at 24 °C where a mixed diet favored higher nauplius abundance (2992±1150 
nauplius/unit) compared with a mono diet (73±60 nauplius/unit) (Tukey HSD p < 0.001). 
FA content, EPA and DHA concentrations 
Temperature did not affect the copepod’s FA content and EPA concentration, only through an 
interaction effect with the offered diet (both p < 0.001 for diet; both p < 0.05 for 
temperature*diet interaction). More specifically, only at 24 °C a mixed diet led to higher FA and 
EPA concentrations in the harpacticoid (622.9±111.3 ng FA/ind. and 132.4±11.0 ng EPA/ind.) 
compared with the mono diet (125.8±25.7 ng FA/ind. and 23.3±7.3 ng EPA/ind.) (Tukey HSD 
both p < 0.01). In contrast, the total DHA concentration showed a significant temperature and 
diet impact (p < 0.05 for temperature; p < 0.001 for diet). The lowest DHA concentration was 
observed after incubation at 24 °C (21.4±13.1 ng DHA/ind.) compared with 4 °C (35.0±9.3 ng 
DHA/ ind.) and 15 °C (30.4±8.1 ng DHA/ind.) (Tukey HSD both p < 0.01). A mixed diet increased 
the DHA content in the harpacticoid compared with a mono diet (38.0±6.5 ng DHA/ind. and 
21.7±8.2 ng DHA/ind., respectively). 
Membrane and storage lipids dynamics 
A significant three-way interaction effect was observed for the FA content (p < 0.05 for 
temperature*diet*lipid class interaction). Temperature affected the FA content of the membrane 
lipids (membrane lipid content) in case a mono diet was offered to the copepods (p < 0.05 for 
temperature; p < 0.01 for temperature*lipid class interaction; p < 0.01 for temperature*diet 
interaction). In particular, at 24 °C the membrane lipid content was significantly lower 
compared with 4 °C i.e. 33.3±3.4 ng FA/ind. versus 74.4±18.4 ng FA/ind. (Tukey HSD p < 0.05) 
(Figure 4.2 a). Furthermore, a significant diet effect was only observed for the FA content of the 
storage lipids (storage lipid content) when copepods were exposed to 24 °C (p < 0.001 for diet; p 
< 0.01 for diet*lipid class interaction; p < 0.01 for diet*temperature interaction). More 
specifically, incubation on a mixed diet (545.3±106.3 ng FA/ind.) increased the storage lipid 
content compared with a mono diet (84.1±25.0 ng FA/ind.) (Tukey HSD p < 0.001)  
(Figure 4.2 a). Only when a mixed diet was offered, copepods could maintain their field storage 
lipid content (p < 0.001). Incubation on mono diets decreased the field storage lipid content 
(383.9±77.7 ng FA/ind.) to 144.0±45.9 ng FA/ind. (4 °C), to 148.4±46.3 ng FA/ind. (15 °C) and to 
84.1±25.0 ng FA/ind. (24 °C) (Tukey HSD all p < 0.01). 
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Figure 4.2: The lipid composition of the copepod P. littoralis (a) ng FA/ind. (± SD) of the storage lipids, 
membrane lipids and glycolipids; (b) ng EPA/ind. (± SD); (c) ng DHA/ind. (± SD) associated with the 
storage and membrane lipids. Mono, mixed refer to a mono (C. fusiformis) and mixed (C. fusiformis, 
Navicula sp. and Nitzschia sp.) diatom diet that was offered to the copepods 
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FA composition of membrane and storage lipids 
The storage lipids contained the largest EPA concentration while DHA was mainly associated 
with the membrane lipids (Figure 4.2 b, c). Despite this different distribution, a similar 
temperature response was observed: temperature impacted the EPA and DHA concentrations in 
the membrane lipid class only when a mono diet was offered to the copepods (both p < 0.01 for 
temperature; both p < 0.01 for temperature*lipid class interaction; both p < 0.01 for 
temperature*diet interaction). The EPA and DHA concentrations in the membrane lipids 
dropped significantly after incubation at 24 °C in the mono diet treatments (Tukey HSD all 
p < 0.01). Additionally, a mixed diet enhanced the EPA and DHA concentration in the membrane 
and storage lipids, but only when the copepods were exposed to 15 °C and 24 °C (both p < 0.001 
for diet; both p < 0.01 for diet*temperature interaction). FA compositions of the copepod's 
membrane and storage lipids were more affected by temperature when a mono diet was offered 
(ANOSIM, global R=1 and R=0.835 for membrane and storage lipids, respectively) compared 
with a mixed diet (ANOSIM, global R=0.975 and R=0.619 for membrane and storage lipids, 
respectively). This appeared also from the non-metric multidimensional scaling plots (Bray 
Curtis similarity) that displayed a larger data spread for the mono diet treatments and this was 
the case for both membrane and storage lipids (Figure 4.3 a, b). A mixed diet buffered, although 
modestly, changes in membrane FA composition of copepods exposed to high temperature 
(pairwise dissimilarities, Table 4.2). SIMPER analysis showed that EPA, 18:0 and DHA 
contributed most to the observed differences between 4 °C and 15 °C for both diet treatments 
(Table 4.4). However, only the relative concentration of EPA and 18:0 showed the same trend 
under both dietary regimes: after cold acclimation the EPA% increased while the 18:0% 
decreased.  
The percentage of unsaturated FAs (UFA%) and the 16:0/18:0 ratio were affected by 
temperature (both p < 0.05) with a higher unsaturation degree of membrane lipids at 4 °C 
(79±2%) compared with 24 °C (73±4%) (Tukey HSD p < 0.05) (Table 4.4). Also, the membrane 
lipid 16:0/18:0 ratio was more elevated at 4 °C than at higher temperatures (Tukey HSD both p 
< 0.05) (Table 4.4).  
Multivariate analyses of the copepods' and diatoms' FA compositions informed on the feeding 
preference when copepods were offered the mixed diatom diet. SIMPER tests indicated that the 
contribution of the different food sources to the overall FA composition of the copepod, 
depended on the ambient temperature. The lowest pairwise dissimilarity i.e. the highest 
similarity values (Table 4.3) suggest that the importance of Navicula sp. was highest at 4 °C and 
24 °C. The importance of Nitzschia sp. was highest at 15 °C, while at 4 °C C. fusiformis showed to 
contribute more to the similarity (Table 4.3).  
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Figure 4.3: Non-metric multidimensional scaling (Bray Curtis similarity) of arcsine square root 
transformed relative (%) FA data for (a) membrane lipids and (b) storage lipids in the harpacticoid 
copepod. Different symbol shapes and open/closed symbols represent different temperature and diet 
treatments, respectively 
 
Table 4.2: R-values representing the pairwise dissimilarity in FA composition of the membrane lipids 
between temperature incubations and this for each diet (mono, mixed) (ANOSIM) 
  mono diet   mixed diet 
4°C - 15°C 0.778 
 
0.704 
15°C - 24°C 0.259 
 
0.259 
4°C - 24°C 0.815   0.815 
 
 
Table 4.3: Pairwise difference (average dissimilarity %) between the overall FA composition of copepods 
(offered the mixed diet) and the diatoms exposed to different temperatures (SIMPER) 
  Avg. dissimilarity (%) 
Copepods 4 °C - Nitzschia sp. 4 °C 32.24 
Copepods 15 °C - Nitzschia sp. 15 °C 26.16 
Copepods 24 °C - Nitzschia sp. 24 °C 34.05 
Copepods 4 °C - Navicula sp. 4 °C 21.8 
Copepods 15 °C - Navicula sp. 15 °C 26.97 
Copepods 24 °C - Navicula sp. 24 °C 21.4 
Copepods 4 °C - C. fusiformis 4 °C 20.64 
Copepods 15 °C - C. fusiformis 15 °C 24.03 
Copepods 24 °C - C. fusiformis 24 °C 24.52 
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4.5. Discussion 
4.5.1. Thermal acclimation 
The harpacticoid copepod P. littoralis occurs year-round at the Westerschelde estuary 
(temperate area) (Cnudde 2013) and consequently, experiences strong alterations in 
temperature throughout its life. More specifically, average winter and summer temperatures 
range from 4 °C to 20–22 °C (Sahan et al. 2007) and therefore, the 24 °C treatment represented a 
summer extreme. These field observations suggest a flexible thermal acclimation response of 
P. littoralis, yet changes at the level of the FAs have not been studied so far. As for the vast 
majority of aquatic species (>95%) (Willmer et al. 2000), P. littoralis is an ectotherm and this 
implies that its physiology is strongly affected by the environmental temperature (Guderley and 
St-Pierre 2002; Sokolova and Lannig 2008). Despite these environmental challenges, ectotherms 
successfully acclimatize by exploiting the tremendous chemical diversity among membrane lipid 
constituents so that lipids of appropriate physical properties match the prevailing 
environmental conditions (Guderley and St-Pierre 2002; Hazel and Williams 1990). One of the 
best described responses in the process of thermal acclimation is the increasing acyl chain 
unsaturation of phospholipids which maintains membrane lipid order at cold exposure, also 
known as ‘homeoviscous adaptation’ (Hazel 1995; Sinensky 1974). Correspondingly, an 
increased degree of FA unsaturation was observed in the membranes of the harpacticoid 
P. littoralis after 4 °C, which confirmed previous findings for crustaceans (Pruitt 1990). Besides 
FA unsaturation, changes in FA chain elongation may also affect membrane lipid order (Hazel 
and Williams 1990) as a shift towards short chain FA was observed when temperature declined 
(Haubert et al. 2008). Although this response is most common among bacteria (Hazel and 
Williams 1990), an elevated 16:0/18:0 ratio was observed in the membrane lipids of P. littoralis 
after cold incubation. Additionally, changes in mitochondrial volume density and mitochondrial 
cristae density were shown to regulate the physical and chemical environment of the membrane 
and therefore ensured proper membrane functioning under changing environmental 
temperatures (Kraffe et al. 2007). Also this mechanism might operate in the thermal acclimation 
process of P. littoralis as its membrane lipid content was approximately twice as high under cold 
(4 °C) compared with warm (24 °C) conditions, although only significantly different under a 
mono diet. Increased de novo synthesis of intracellular membranes at low temperature is 
thought to compensate for the reduced diffusivity constants by reducing the diffusion path 
length of metabolites (Hazel and Williams 1990; Tyler and Sidell 1984). Resolution specifically 
at the level of the mitochondrial membrane might have magnified the trend.  
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Also alterations at the level of the individual FAs i.e. those associated with phospholipids are 
thought to play a role in the thermal acclimation process of ectotherms through modulation of 
catalytic capacity (Kraffe et al. 2007). These modifications may adjust the ectotherm’s metabolic 
rate so that the energetic requirements associated with life under varying environmental 
temperature are met. The link between membrane FA composition and cellular function has 
been suggested by Hulbert and Else (2000) as the ‘membrane pacemaker theory of metabolism’. 
This theory proposes that PUFA-rich membranes are associated with fast-membrane processes 
and eventually result in different metabolic rates among species (Hulbert 2007). In our study, 
cold exposure induced strong changes in membrane FA composition, regardless of the offered 
diet. Changes in the FA composition of phospholipids in response to cold exposure are thought 
to take place quite quickly i.e. order of days to weeks (Trueman et al. 2000). Generally, an 
increased EPA proportion was observed in the membrane lipids of P. littoralis after cold 
acclimation. Although an elevated EPA retention under cold conditions has been observed in 
other invertebrates such as Daphnia pulex (Schlechtriem et al. 2006) and in the gill membranes 
of Placopecten magellanicus (Hall et al. 2002), our results do not unequivocally prove selective 
EPA retention by the harpacticoid, as temperature also changed the dietary EPA concentration. 
Nevertheless, EPA potentially plays a dual role in the cold response of ecotherms by decreasing 
the membrane lipid order but also as a precursor of biologically active metabolites i.e. 
eicosanoids (Hall et al. 2002). Eicosanoids are thought to be involved in several stress responses, 
yet information on thermal stress is scarce. In contrast, the DHA proportion in the copepod’s 
membrane lipids did not show a general temperature response and consequently there was no 
support for cold-induced DHA retention. Currently, the role of DHA in maintaining membrane 
lipid order is thought to be only minor (Hulbert et al. 2014; Stillwell and Wassall 2003). 
Moreover, the role of DHA in many seemingly unrelated processes (Stillwell and Wassall 2003) 
may explain the lack of a clear temperature response.  
Regarding the overall membrane FA composition of the copepod, temperature-induced 
alterations in membrane FA composition were less pronounced when copepods had access to a 
mixed diatom diet. Environmental perturbations that affect the availability of dietary FAs, may 
in turn, influence the organism’s ability to maintain adequate membrane fluidity or other 
aspects of membrane competency as the available FAs affect the final molecular configuration of 
membrane phospholipids (Arts and Kohler 2009). Although temperature affected the FA content 
and composition in each diatom species, a mixed diatom diet buffered the overall temperature-
induced dietary changes and consequently its impact on the consumer. In other words, 
harpacticoids fed a mono diet were exposed to a stronger indirect temperature effect i.e. 
stronger temperature-induced changes in dietary FAs. As previous work showed that dietary 
FAs affect the FA composition of phospholipids in the consumer (Martin et al. 2013), this 
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indirect temperature effect altered the harpacticoid’s FA composition more profoundly under 
the mono diet treatments. Selective feeding allows grazers in the field to ensure an adequate 
supply of EFAs and therefore, limitation of zooplankton occurs most likely during monospecific 
blooms of EFA-deficient phytoplankton (Litzow et al. 2006). Harpacticoid copepods are 
recognized for their selective feeding behavior (De Troch et al. 2006; De Troch et al. 2012b; 
Wyckmans et al. 2007) and might shift to alternative food sources when feeding conditions 
become unfavorable (Cnudde et al. 2015), for example evoked by a variable ambient 
temperature. Although no rigorous assessment of the copepod's feeding preference was 
performed in this experiment, the data suggest that P. littoralis adjusted its feeding behavior 
according the environmental temperature. More specifically, the contribution of Navicula sp. to 
the FA profile of the copepod was highest at 4 °C and 24 °C, while this was rather 15 °C for 
Nitzschia sp. and 4 °C for C. fusiformis. Selective feeding might have reduced, although only 
modestly, the overall temperature impact on the membrane FA composition of the consumer. 
This implies that dietary lipids influence, but do not set, the FA composition in consumer’s 
membranes as was previous suggested by Martin et al. (2014). 
4.5.2. Copepod’s fitness 
Energy balance plays a critical role in environmental stress tolerance and in setting limits for the 
survival of organisms and their populations under stressful conditions (Sokolova et al. 2012). 
Storage (reserve) lipids represent the surplus amount of assimilated energy and are therefore 
indicative of the copepod's fitness. Despite high copepod survival, heat exposure reduced the 
storage lipid content when resources were restricted (mono diet). Elevated temperature 
increases the metabolic rate of ectotherms which implies a higher metabolic cost of living 
(Brown et al. 2004; Gillooly et al. 2001). Somatic maintenance is a major component of the 
energy budget (Sokolova et al. 2012) and comprises the summation of all those processes that 
preserve cellular and organismal integrity including maintenance of proton and ion gradients 
and macromolecular turnover (Clarke and Fraser 2004). However, elevated environmental 
temperature may also increase resource uptake by primary producers and ingestion by species 
at higher trophic levels (Durbin and Durbin 1992; Lemoine and Burkepile 2012). Both processes 
may compensate one another and maintain the energy balance and this scenario likely applied 
to copepods that were offered a mixed diatom diet. Despite the decreased cellular lipid content 
in each diatom species after heat exposure, the copepods maintained their initial (field) energy 
reserves. In fact, when environmental conditions confine consumers to lower quality diets, 
consumers may still obtain sufficient nutrients, if they can compensate by increasing their 
consumption rate or assimilation efficiency (Cruz-Rivera and Hay 2000), the so-called 
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compensatory feeding response (Kingsolver and Woods 1998; Slansky 1993). In contrast, a 
mismatch occurred when C. fusiformis was the only available food source. Rall et al. (2010) 
reported that warming increased the metabolic rates substantially, while the effect on ingestion 
rates was rather weak. Eventually, this resulted in a decreased ingestion efficiency. Despite 
maximum ingestion rate and an ad libitum availability of C. fusiformis cells, the initial energy 
reserves were not maintained and decreased with a factor 4.5. The cellular FA content of 
C. fusiformis dropped below a minimum level at high temperature for which maximum ingestion 
rate could no longer compensate. Small diatom size and its low energy content have been 
associated with increased respiratory rates in consumers previously (Sellner 1976). It appears 
that the presence of Navicula sp. with an approximately 10 times higher cellular FA content, 
avoided the mismatch between energy acquisition and expenditure in the copepods exposed to 
high temperature. According to the foraging theory, energy has been traditionally used as a 
common currency to compare the value of different food types, given that the food types are 
substitutable i.e. vary little in their nutritional composition (Pennings et al. 1993). This applies 
to our study as all potential food sources were diatoms. As a consumer is assumed to choose the 
diet that maximizes its energy intake (Hughes 1980), Navicula sp. was expected to be the 
preferred food source, especially under heat exposure when the cellular lipid content in all 
diatom species decreased. Concurrent with the shifts in energy reserves, resource availability 
affected the nauplius abundance after heat exposure. Unlike somatic maintenance, other 
components of the energy budget such as reproduction can be reduced below a certain limit 
(Sokolova et al. 2012). When only one resource was available, copepods reallocated energy for 
reproduction to compensate for their increased metabolic costs. A flexible energy household 
might be a vital adaptation for non-swimming copepod species which are directly affected by the 
local conditions on a micro spatial scale.  
Moreover, a flexible energy household permits fast responses to changing environmental 
conditions so that organisms gain maximum profit from temporal, prosperous circumstances. 
Harpacticoids are not generally known to store lipids as an energy source during or prior to 
reproduction in contrast to many calanoid copepods. Therefore, the use of recently ingested 
food is assumed to be the basis for reproductive investment (Hicks and Coull 1983).  
Barnett (1970) reported a more complex life cycle for P. littoralis compared with its congener 
P. laophontoides, both inhabiting an intertidal mudflat in Southampton waters. In particular, 
P. littoralis is characterized by a major spring breeding period and a smaller autumn brood. In 
line with the highest copepodite V abundances observed during April-May in Barnett (1970), 
maximum abundances of P. littoralis adults were reported for June at the Paulina intertidal 
mudflat (Cnudde 2013). Barnett (1970) suggested that the different zonation pattern of 
P. littoralis and P. laophontoides i.e. the upper and lower intertidal, respectively, might contribute 
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to these different life cycles. Organisms inhabiting the upper intertidal (P. littoralis), experience 
prolonged exposure times to higher air temperatures during the summer months. This might 
increase their development rate and consequently result in a second generation later in the year. 
In agreement, occurrence of P. littoralis is restricted to the saltmarsh stations located in the 
upper intertidal of the Paulina mudflat, which coincides with the highest concentrations of 
chlorophyll a and higher percentages of total organic matter (Cnudde 2013). These field 
observations are in line with the current experimental finding i.e. that resource availability 
played an important role in safeguarding the harpacticoid's energy balance, especially at 
elevated temperature. The combined impact of low resource availability and elevated 
temperature was limited at the organismal level as no significant mortality was observed over 
the course of the experiment, despite strong decreases in storage FA content. In contrast, the 
reproductive output was strongly compromised and consequently, the impact at the population 
level is expected to be more severe. 
4.5.3. Trophic transfer of energy and EFAs 
No overall temperature impact was observed on the copepod’s total lipid and EPA content as 
temperature acted only through an interaction effect with the offered diet i.e. the benefit of 
additional resources appeared only after heat exposure. Kingsolver and Woods (1998) 
suggested that interaction between temperature and diet emerges because compensatory 
feeding fails at the temperature extremes. When several resources were available, the 
harpacticoid was able to cope with heat exposure in terms of energy and EPA content, but also 
reproductive output, even when the dietary energy content decreased. The reserve lipids were 
responsible for this pattern as they made up approximately 60 - 80% of the total lipid content 
and were primarily affected by the offered diet. Therefore impact of temperature on the trophic 
transfer of energy and EPA was only minor and could be compensated by resource availability. 
The DHA dynamics in the harpacticoid deviated from this pattern. Heat exposure decreased the 
total DHA content in the harpacticoid and this was not counteracted by the diet (no interaction), 
although the copepod benefitted from higher resource availability in terms of total DHA content. 
Therefore, exposure to heat stress may have complex effects on the trophic transfer of energy 
and matter. EFAs are the only lipid constituents that cannot be synthesized by animals, and so 
have a unique potential to exert bottom-up control on animal populations (Litzow et al. 2006). 
Recent studies indicated a critical role for DHA in the functioning of neural tissue (brain and eye) 
in fish and demonstrated the importance of dietary DHA for fish (Tocher 2003).  
Consequently, the impact on higher trophic levels appears detrimental as suggested by our 
study. However, extrapolation to field situations should be done carefully as other temperature 
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responses related to the grazer and diatom abundance were not covered by our study and as 
they typically occur on the long scale (months, years) (Rall et al. 2010). 
4.6. Conclusion 
Overall high survival over the course of the experiment (16 days) suggested successful thermal 
acclimation of the harpacticoid P. littoralis over the experimental temperature range (4–24 °C) 
regardless of the resources (diatoms) available. Cold exposure evoked strong changes in 
membrane FA composition under both diets. These robust cold-induced responses included an 
elevated FA unsaturation, increased EPA% and a shift towards shorter chain FAs in the 
copepod’s membrane lipids. In contrast, an increased resource availability reduced the 
temperature impact on the copepod’s membrane lipids as appeared from the membrane lipid 
concentration and FA composition. Despite high copepod survival, depletion of the energy 
reserves indicated low copepod fitness when a mono diet was offered under heat exposure. In 
the latter scenario, P. littoralis allocated its energy so that nauplius production decreased, likely 
to compensate for the increased somatic maintenance costs. In contrast, a mixed diet maintained 
the reproductive output without exhausting the lipid reserves. P. littoralis clearly showed the 
capacity to adjust its energy household to the prevailing environmental conditions in order to 
secure its survival. A flexible energy household and thermal acclimation response are vital 
adaptations for a species that occurs year-round in the upper intertidal of a temperate saltmarsh 
area at the Westerschelde estuary.  
Temperature impact on the trophic transfer of energy and EFAs at the basis of the food web 
showed a clear discrepancy. While dietary resources could fully compensate for the temperature 
effects on total lipid and EPA content in the copepods, no such counterweight was observed for 
the DHA dynamics. Heat stress lowered the DHA concentration in copepods, regardless of the 
resources available. The divergent EFA response was likely driven by the different EPA and DHA 
distribution over the lipid fractions i.e. EPA and DHA were mainly associated with storage and 
membrane lipids, respectively. Therefore, these results hint that the nutritional changes induced 
by global warming will be FA- specific and their consequences for higher trophic levels complex. 
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4.8. Appendix 
Table 4.5: FA composition (% ± 1 SD) of the diatom species exposed to different temperatures.  
tr, traces (<1%); i refers to iso-stereoisomer; other FAs, sum of all FAs < 1% in all treatments 
  Navicula sp.   C. fusiformis   Nitzschia sp. 
  4 °C 15 °C 24 °C   4 °C 15 °C 24 °C   4 °C 15 °C 24 °C 
14:0 1.2±0.2 5.3±1.0 5.5±1.1 
 
8.0±1.0 6.2±0.9 5.0±0.4 
 
5.9±1.1 8.9±2.1 5.5±1.8 
i-15:0 tr tr tr 
 
- tr tr 
 
1.1±0.1 tr tr 
15:0 tr tr tr 
 
tr tr tr 
 
1.2±0.8 tr tr 
16:0 16.7±0.4 22.6±0.7 19.7±1.5 
 
10.2±0.3 15.7±0.5 24.3±0.4 
 
24.7±3.6 22.7±0.6 22.3±1.3 
16:1ω5 tr tr tr 
 
tr tr 1.1±0.3 
 
1.3±1.8 tr - 
16:1ω7 23.8±0.6 27.9±0.7 27.8±0.4 
 
13.0±0.4 12.0±0.5 22.1±1.5 
 
9.9±2.9 20.3±2.2 12.1±1.3 
16:1ω9 tr tr tr 
 
tr tr 1.4±1.5 
 
1.1±1.0 tr tr 
16:2 1.2±0.3 tr 1.8±0.2 
 
tr tr tr 
 
1.1±0.6 2.2±0.2 3.9±0.02 
16:2ω6 8.1±0.3 5.4±1.1 6.8±0.2 
 
6.7±0.3 4.6±0.1 2.2±0.1 
 
3.9±1.1 5.6±0.4 7.3±0.7 
16:3ω3 2.5±0.1 4.1±0.3 6.7±0.3 
 
1.4±0.04 7.1±0.6 5.4±0.4 
 
- 6.5±0.4 12.1±0.02 
16:3ω4 9.2±0.5 5.8±0.3 1.0±0.1 
 
10.8±0.2 5.8±0.5 tr 
 
8.9±2.6 5.5±0.4 - 
18:0 1.2±0.6 1.8±1.1 2.5±1.1 
 
1.7±0.2 3.4±1.9 1.8±0.8 
 
13.2±7.1 3.7±2.6 8.3±3.4 
18:1ω9c tr tr tr 
 
tr tr tr 
 
5.7±1.8 tr tr 
18:1ω12c tr tr tr 
 
1.2±0.1 tr 1.4±0.5 
 
1.5±0.4 tr - 
18:2 tr - - 
 
tr - tr 
 
2.3±0.6 tr - 
18:2ω6c tr tr tr 
 
1.5±0.1 1.3±0.1 2.5±0.8 
 
- tr - 
18:3ω6 tr - - 
 
1.6±0.2 1.5±0.03 tr 
 
- - - 
18:4 tr - - 
 
- - tr 
 
- - 2.9±0.1 
18:4ω3 4.8±0.5 5.9±0.4 6.5±0.6 
 
5.0±0.5 1.7±0.1 tr 
 
3.8±1.2 5.6±1.6 1.7±0.5 
20:4ω6 tr - tr 
 
2.4±0.1 6.6±0.2 8.9±0.8 
 
- - - 
20:5ω3 23.3±1.7 16.6±1.8 15.7±2.6 
 
27.8±0.5 28.5±0.3 16.7±0.8 
 
12.8±3.2 14.4±0.8 14.5±2.7 
22:6ω3 2.6±0.2 1.4±0.1 2.5±0.7 
 
3.2±0.4 1.1±0.2 tr 
 
tr 1.6±0.5 2.5±0.7 
24:0 - - - 
 
tr - tr 
 
- tr 2.0±0.4 
other FAs 1.4±0.2 tr tr   1.9±0.4 1.3±0.2 1.6±0.3   tr tr 1.5±0.1 
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5.1. Abstract 
The utilization of storage lipids and their associated fatty acids (FAs) is an important means for 
organisms to cope with periods of food shortage, however, little is known about the dynamics 
and FA mobilization in benthic copepods (order Harpacticoida). Furthermore, lipid depletion 
and FA mobilization may depend on the ambient temperature. Therefore, we subjected the 
temperate copepod Platychelipus littoralis to several intervals (3, 6 and 14 days) of food 
deprivation, under two temperatures in the range of the normal habitat temperature (4, 15 °C) 
and under an elevated temperature (24 °C), and studied the changes in FA composition of 
storage and membrane lipids. Although bulk depletion of storage FAs occurred after a few days 
of food deprivation under 4 °C and 15 °C, copepod survival remained high during the 
experiment, suggesting the catabolization of other energy sources. Ambient temperature 
affected both the degree of FA depletion and FA mobilization. In particular, storage FAs were 
more exhausted and FA mobilization was more selective under 15 °C compared with 4 °C. In 
contrast, depletion of storage FAs was limited under an elevated temperature, potentially due to 
a switch to partial anaerobiosis. Food deprivation induced selective DHA retention in the 
copepod’s membrane, under all temperatures. However, prolonged exposure to heat and 
nutritional stress eventually depleted DHA in the membranes, and potentially induced high 
copepod mortality. Storage lipids clearly played an important role in the short-term response of 
the copepod P. littoralis to food deprivation. However, under elevated temperatures, the use of 
storage FAs as an energy source is compromised. 
5.2. Introduction 
Many aquatic habitats are shaped by a pulsed seasonal primary production which implies a 
restricted food availability for various herbivores at certain times. One strategy to cope with 
these natural cycles of food intake is the efficient storage and utilization of energy reserves 
(Hagen and Auel 2001; Sánchez-Paz et al. 2006). Lipids contain the highest energy content 
compared with carbohydrates and proteins (Lee et al. 2006) and are a major energy storage 
product of cladocerans and copepods (Tessier et al. 1983). Storage lipids are especially well 
studied in copepods inhabiting extreme environments i.e. polar and deep-living copepods. In 
these species they provide crucial energy for reproduction, periods of low food supply, 
obtaining food, escaping predation and for vertical migration (Lee et al. 2006; Pond 2012). In 
situations of negative energy balance such as fasting, storage lipids are metabolized so that fatty 
acids (FAs) become available as metabolic fuel to prolong survival (Raclot 2003; Tessier et al. 
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1983). Whether the process of FA mobilization from storage lipids is selective, remains open to 
debate (Iverson 2009). Furthermore, in case preferential FA mobilization is reported, the 
pattern differs among crustaceans with respect to the preferential utilization (Koussoroplis et 
al. 2014) or retention (Mezek et al. 2010) of polyunsaturated FAs (PUFA). Especially, the 
dynamics of the essential FAs, EPA (20:5ω3) and DHA (22:6ω3) in food deprived crustaceans, 
have received considerable attention (Schlechtriem et al. 2006, 2008; Virtue et al. 1993) in view 
of their beneficial physiological effects in multiple consumers (Olsen et al. 2014; Shields et al. 
1999).  
In contrast to planktonic crustaceans such as cladocerans (Bychek et al. 2005; Schlechtriem et 
al. 2006) and freshwater copepods (Koussoroplis et al. 2014), almost nothing is known about 
the dynamics of storage lipids and, in particular, the FA mobilization in harpacticoid copepods. 
The limited knowledge on storage lipids in harpacticoid copepods, but see Suderman and 
Thistle (1998) and Williams and Biesiot (2004), contrasts with their dominant role in benthic 
food webs. After free-living nematodes, harpacticoid copepods are usually the second most 
abundant metazoan taxon of the meiobenthos and their importance as prey for higher trophic 
levels has been demonstrated (Hicks and Coull 1983). Furthermore, the trophic position of 
copepods as first-level consumer (Arts et al. 2001) and their potential FA upgrading capacity 
(De Troch et al. 2012a), suggest their importance in the transfer of energy and essential FAs to 
higher trophic levels.  
Therefore, we subjected a temperate harpacticoid copepod to several intervals of food 
deprivation (3, 6 and 14 days) and screened the membrane and storage lipids for their 
associated FA content and composition. Starvation studies may indicate which energy sources 
are utilized by crustaceans under specific conditions and they provide clues on the biochemical 
pathways involved in these processes (Sánchez-Paz et al. 2006). Our species of interest is the 
sluggish, non-swimming harpacticoid copepod Platychelipus littoralis Brady 1880 (family 
Laophontidae). Due to its restricted mobility, this species is directly linked to the local 
conditions on a microspatial scale (Cnudde 2013). Environmental temperature strongly affects 
the metabolic rate in ectotherms (Gillooly et al. 2001) and can affect the rate of lipid breakdown 
(Dalsgaard et al. 2003), and may determine which FAs are preferentially metabolized during 
fasting (Koussoroplis et al. 2014). Therefore, the starvation response of P. littoralis was studied 
under two temperatures, in the range of the normal habitat temperature (4, 15 °C), and also 
under an elevated temperature (24 °C).   
This strategy allowed to investigate: 
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1. the importance of storage lipids for copepod survival in response to food deprivation, 
2. whether selective FA mobilization from storage lipids occurs in P. littoralis specimens 
and if it is temperature-dependent, 
3. the changes in membrane FA content and composition, which inform on the 
copepod’s thermal adaptation and physiological condition. 
The starvation response of P. littoralis will be interpreted in a broader ecological context with 
respect to its natural habitat. 
5.3. Material and Methods 
5.3.1. Experimental set-up 
The harpacticoid copepod Platychelipus littoralis was collected at the Westerschelde estuary 
(51°21’N, 3°43’E, the Netherlands) from the top sediment layer in a small intertidal creek at the 
Paulina saltmarsh (May 2015 –average temperature: 12±1 °C). Permits for the field work were 
approved and obtained by Provincie Zeeland, the Netherlands; Directie Ruimte, Milieu en Water. 
Within hours after collection, copepods were extracted alive using sediment decantation. 
Subsequently, adult specimens were randomly collected, excluding ovigerous females, with a 
glass pasteur pipette using a Wild M5 binocular. All copepods were kept overnight in glass jars 
with some sediment aliquots at 15±1 °C prior to the start of the experiment. Triplicates of 20 
and 100 copepods were stored at -80 °C for further dry weight and lipid fractionation (FA 
analysis), respectively. After thawing, samples for dry weight measurements were obtained by 
rinsing copepods several times in MilliQ water to remove adhering particles and by transferring 
them to pre-weighted aluminum cups (6 x 2.5 mm, 20 ind.). Samples were kept overnight in an 
oven at 100 °C and were weighted using a microbalance (Mettler, Toledo, XP56). Units of 120 
copepods were stored in Petri dishes (surface area=26.4 cm2, 20mL) and incubated at 4 °C, 
15 °C and 24 °C (±1 °C), under a 12:12 h light-dark regime (25 to 50 μmol photons m-2 s-1). The 
copepods were kept in artificial seawater (Instant Ocean synthetic salt, salinity: 25, filtered over 
0.2 μm Millipore filters) in order to guarantee complete food deprivation. After one day of 
starvation, copepods were transferred to new Petri dishes and (acclimated) artificial seawater 
to remove their fecal pellets. This procedure was performed every three days over the course of 
the experiment to compensate for potential evaporation and salinity changes, especially under 
24 °C. After 3, 6 and 14 days of starvation three units were randomly chosen at each incubation 
temperature. Copepod mortality was recorded and surviving copepods were stored at -80 °C for 
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later dry weight measurements and lipid fractionation (FA analysis). The experiment was 
terminated when survival rate was around 50% in one of the three temperature treatments. 
5.3.2. Lipid fractionation and FA analysis 
All lipids of copepods were extracted with a modified Bligh and Dyer extraction (Findlay et al. 
1989). Subsequently, the total lipid extract was fractionated on a silicic acid column (Merck) 
into different polarity classes by sequential eluting with chloroform (containing neutral lipids, 
NLFA), acetone and methanol (containing polar lipids, PLFA) (Christie 1989). Derivatization of 
PLFA in the methanol fraction to FAMEs (fatty acid methyl esters) was obtained using a mild 
alkaline methanolysis as in Boschker et al. (1999). FAs associated with the acetone and 
chloroform fractions were derivatized using a modified method after Abdulkadir and Tsuchiya 
(2008). Here, the boron trifluoride-methanol reagent was replaced by a 2.5% H2SO4-methanol 
solution, since the BF3-methanol can cause artifacts or loss of PUFA (Eder 1995). FAME of 19:0 
(Fluka 74208) was added as internal standard. FAMEs were concentrated to 200 μl hexane and 
thereafter, injected and analyzed using a Hewlet Packard 6890N gas chromatograph coupled to 
an HP 5973 mass spectrometer as in De Troch et al. (2012a). The samples were run in splitless 
mode injecting 1 μl at an injector temperature of 250 °C using an HP88 column (Agilent J&W; 
Agilent). The oven temperature was programmed at 50 °C for 2 min, followed by a ramp at 25 °C 
min-1 to 175 °C and then a final ramp at 2 °C min-1 to 230 °C with a 4 min hold. The FAMEs were 
identified by comparison with the retention times and mass spectra of authentic standards and 
mass spectral libraries (WILEY, own library) and analyzed using the software MSD ChemStation 
(Agilent Technologies). Quantification of individual FAMEs was accomplished by the use of a 
component FAME and BAME (Bacterial Acid Methyl Esters) mix (Supelco #47885 and #47080 
respectively, Sigma-Aldrich) and completed with additional standards (Larodan). The 
quantification function of each individual FAME was obtained by linear regression of the 
chromatographic peak areas and corresponding known concentrations of the standards 
(ranging from 25 to 200 μg mL-1). Shorthand FA notations of the form A:BωX were used, where 
A represents the number of carbon atoms, B gives the number of double bonds, and X gives the 
position of the double bond closest to the terminal methyl group. FA concentrations were 
standardized to mg dry weight (mg DW). 
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5.3.3. Data analysis 
Copepod survival (%), membrane FA content (summed FA mass fraction from polar lipids) and 
storage FA content (summed FA mass fraction from neutral lipids) were log transformed in 
order to fulfill the assumptions for normality and homogeneity of variance which are required 
for the ANOVA tests (IBM SPSS Statistics Version 22). In case of significant differences, Tukey 
HSD post-hoc tests were applied to detect pairwise differences, using 95% confidence limits. In 
case the assumptions were not met after log transformation, non-parametric tests 
(PERMANOVA) were performed using Primer 6 Version 6.1.11 and 1.0.1 (Clarke and Gorley 
2006).   
Prior to the statistical analysis, relative FA concentrations (%) of membrane and storage lipids 
were arcsine square root transformed in order to meet the assumptions for normality and 
homogeneity of variance which are required for the principal component analysis (PCA) 
(Primer 6 Version 6.1.11 and 1.0.1). Only FAs with less than 20% of zero values were included 
in the PCA analysis. PCA for membrane and storage FA composition were run separately but 
included all time measurements (day 0, starvation after 3, 6 and 14 days). Eigenvalue variation 
explained by PC1 was 57% and 69% for the membrane and storage FA composition, 
respectively. In line with previous work (Koussoroplis et al. 2014; Van Dooremalen and Ellers 
2010), the sample scores on the PC1 were further used for statistical analysis as the new 
variable ‘PC1score’, as they represent the major trends in FA composition. Subsequently, the 
PC1scores for membrane and storage FA composition were related with each individual FA 
(proportion) by calculating the Spearman’s rho correlation coefficient (IBM SPSS Statistics 
Version 22).   
One-way tests compared membrane and storage FA contents, PC1score values of membrane 
and storage FA composition in copepods prior to (day 0) and after short-term food deprivation 
(3 days) under different temperatures. Two-way tests for the factors temperature (4, 15 and 
24 °C) and time (3, 6 and 14 days) were conducted for copepod survival, membrane and storage 
FA contents, PC1score values of membrane and storage FA composition, to reveal long-term 
food deprivation effects. Ultimately, dynamics in EPA and DHA content were tested with two-
way tests. In particular, two-way tests compared the EPA and DHA content associated with 
membrane or storage lipids in copepods prior to (day 0) and after short-term food deprivation 
(3 days) under different temperatures. Furthermore, any long-term effects of food deprivation 
on the EPA and DHA content associated with membrane or storage lipids were revealed with 
two-way tests for the factors temperature and time. 
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5.4. Results 
5.4.1. Copepod survival 
Dead copepods were already observed after 3 days of food deprivation under 24 °C (survival 
97±4%). However, copepod survival decreased only significantly after 14 days of starvation at 
24 °C (56±9%) compared with 4 °C (99±2%) and 15 °C (95±3%) (all p < 0.01 for temperature; 
time and their interaction). 
5.4.2. Membrane and storage FA content 
At the onset of the experiment, copepods contained a membrane FA content of 18.9±0.6 μg FA/ 
mg DW which decreased significantly after short-term (3 days) food deprivation under each 
temperature (p < 0.01) (Figure 5.1 a). Moreover, the membrane FA content differed 
significantly among all temperature treatments (pairwise tests, all p < 0.05) with the highest 
content at 4 °C (11.5±1.1 μg FA/ mg DW), followed by 24 °C (7.4±1.2 μg FA/mg DW) and 15 °C 
(4.3 ±0.4 μg FA/ mg DW). Prolonged starvation (between day 3 and day 14) further reduced the 
membrane FA content for all temperatures, while the significant effect of ambient temperature 
remained (p < 0.01 for temperature; p < 0.05 for time; no interaction).   
The original storage FA content (115.1±9.9 μg FA/ mg DW) decreased significantly after 3 days 
of starvation (p < 0.01) with the strongest reduction observed at 15 °C (9.1±4.8 μg FA/ mg DW), 
followed by 4 °C (23.1±1.1 μg FA/ mg DW) and 24 °C (76.1±7.1 μg FA/ mg DW) (pair- wise tests, 
all p < 0.01) (Figure 5.1 a). Prolonged starvation (from day 3 to day 6) further reduced the 
storage FA content under 4 °C and 24 °C but the overall temperature effect remained (all p < 
0.01 for temperature; time and their interaction).  
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Figure 5.1: The lipid profile of the copepod P. littoralis prior (day 0) and after 3, 6 and 14 days of food 
deprivation at different temperatures (4, 15 and 24 °C). (a) the storage and membrane FA content (µg FA/ 
mg DW) (±1SD), (b) EPA content (20:5ω3; µg EPA/ mg DW) (±1SD), (c) DHA content (22:6ω3; µg DHA/ 
mg DW) (±1SD) both associated with the storage and membrane lipids.   
Grey and white bars represent storage and membrane lipids, respectively 
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5.4.3. Membrane and storage associated EPA and DHA 
content 
Short-term food deprivation reduced the original membrane EPA and DHA content (5.3±0.2 μg 
EPA/ mg DW and 6.6±0.02 μg DHA/ mg DW) significantly under each temperature (pairwise 
tests, all p < 0.05) (Figure 5.1 b, c). The smallest decrease was observed at 4 °C (3.1±0.2 μg 
EPA/ mg DW and 4.2±0.3 μg DHA/ mg DW) followed by 24 °C (1.7±0.3 μg EPA/ mg DW and 
2.9±0.6 μg DHA/ mg DW) and 15 °C (1.1±0.06 μg EPA/ mg DW and 1.7±0.1 μg DHA/ mg DW) 
(pairwise test, all p < 0.05) (Figure 5.1 b, c). Prolonged starvation further reduced the 
membrane EPA and DHA content, but the significant temperature effect remained (both p < 0.01 
for temperature; both p < 0.05 for time; no interaction).   
The original storage EPA and DHA content (31.0±2.6 μg EPA/ mg DW and 4.1±0.4 μg DHA/ mg 
DW) were significantly reduced after short-term food deprivation under each temperature 
(pairwise tests, all p < 0.05) (Figure 5.1 b, c). The strongest EPA and DHA reductions were 
observed at 15 °C (2.4±1.3 μg EPA/ mg DW and 0.3±0.2 μg DHA/ mg DW) followed by 4 °C 
(6.1±0.2 μg EPA/ mg DW and 0.8±0.02 μg DHA/ mg DW) and 24 °C (15.9±0.5 μg EPA/ mg DW 
and 2.3±0.2 μg DHA/ mg DW) (pairwise tests, all p < 0.01). However, long-term starvation 
equalized the storage EPA and DHA content between 4 °C (4.0±1.1 μg EPA/ mg DW and 0.5±0.2 
μg DHA/ mg DW) and 24 °C (6.1±2.5 μg EPA/ mg DW and 1.0±0.4 μg DHA/ mg DW) compared 
with 15 °C (1.6±0.4 μg EPA/ mg DW and 0.2±0.06 μg DHA/ mg DW) (all p < 0.01 for 
temperature and time; both p < 0.05 for interaction). 
5.4.4. Membrane FA competition 
First, the original membrane FA composition remained unchanged after 3 days of food 
deprivation as indicated by the membrane PC1score values (Figure 5.2 a). Thereafter, 
alterations appeared but they were temperature-dependent (p < 0.01 for temperature and time; 
p < 0.05 for interaction). In particular, long-term exposure under 15 °C and 24 °C, significantly 
altered the original membrane FA composition, while no significant changes were observed 
under 4 °C, likely due to the large standard error values (pairwise tests, both p < 0.05).   
Prior to the experiment, the membrane FA composition was dominated by HUFA (highly 
unsaturated FAs i.e. FA ≥ 20 carbon atoms and ≥ 3 double bonds; 67.4±0.7%), followed by SFA 
(saturated FAs; 22.0±0.5%) and MUFA (monounsaturated FAs; 10.3±0.3%) (Table 5.1). Food 
deprivation under cold conditions maintained the HUFA%, while a subtle increase in MUFA% at 
the expense of SFA% occurred. These shifts in FA classes were caused by the increase in relative 
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concentrations of 18:1ω7c and DHA at the expense of 16:0 and 18:0 (Table 5.1), and the 
significant contributions of DHA, 16:0 and 18:0 (all p < 0.01) also appeared from Figure 5.2 b. 
In contrast, exposure to 15 °C and 24 °C increased the SFA% and MUFA% at the expense of 
HUFA% (Table 5.1). Under 15 °C, the shifts in FA classes were caused by the increase in relative 
concentrations of 16:0 (after an initial decrease), 18:0, 18:1ω7c, 20:4ω6 and DHA at the 
expense of EPA (Table 5.1). This was largely confirmed by the significant contributions of 16:0, 
18:0, 20:4ω6, EPA (all p < 0.01) and 18:1ω7c (p < 0.05) on Figure 5.2 b. Under 24 °C, the 
changes in membrane FA composition were most pronounced as HUFA% dropped to 54.8±1.6% 
by the end of incubation. Initially, increases in relative concentrations of 18:0, 18:1ω7c, 20:4ω6 
and DHA, at the expense of EPA were observed (Table 5.1). However, towards the end of the 
experiment, the relative concentration of 16:0 and 16:1ω7 increased while DHA decreased 
substantially (all p < 0.01) (Figure 5.2 b).   
Notably, at intermediate time (6 days) under 15 °C and 24 °C, the membrane FA composition 
(PC1score values for membrane lipids) was characterized by large standard deviation values 
(Figure 5.2 a). 
 
Figure 5.2: Membrane FA composition of the copepod P. littoralis prior (day 0) and after 3, 6 and 14 days 
of food deprivation at different temperatures (4, 15 and 24 °C). (a) The PC1score values (±1SD) for 
membrane lipids are displayed with (b) the Spearman’s rho correlation coefficients of individual FAs (%) 
used for the PCA with the correlation significance levels (*p < 0.05; **p < 0.01). 
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5.4.5. Storage FA composition 
Regarding the original storage FA composition, short-term food deprivation under 15 °C and 
24 °C induced significant modifications (pairwise tests, both p < 0.05) (Figure 5.3 a). Moreover, 
the storage FA composition of copepods exposed to 24 °C deviated significantly from 4 °C and 
15 °C (pairwise tests, both p < 0.05). Eventually, long-term food deprivation resulted in 
significant differences in storage FA composition among all temperatures (p < 0.01 for 
temperature; no time or interaction) (pairwise tests, all p < 0.05).   
At the onset of the experiment, FAs associated with storage lipids were rather evenly distributed 
among PUFA (polyunsaturated FAs i.e. FAs with >1 double bond; 38.5±0.8%), MUFA 
(36.5±0.8%), HUFA (33.4±0.8%) and SFA (24.9±1.3%) classes (Table 5.2). Short-term food 
deprivation under 15 °C and 24 °C altered the original membrane FA composition, but trends 
were opposite. Under 15 °C, the changes were modest i.e. a subtle increase in HUFA% and 
decrease in SFA%, caused by an increase in the relative concentrations of 18:1ω7c, 20:4ω6 and 
22:5ω6 at the expense of 16:0 (Table 5.2) (all p < 0.01 Figure 5.3 b). Long-term food 
deprivation under 15 °C maintained or magnified these changes (Figure 5.3 b), and additionally, 
reduced the relative EPA concentration (Table 5.2) (p < 0.05 Figure 5.3 b). Short-term food 
deprivation under 24 °C increased the SFA% (39.9 ±6.1%) at the expense of the other FA classes 
(Table 5.2) and this pattern was caused by the increase in relative concentrations of 16:0, 18:0 
at the expense of 16:1ω7 (all p < 0.01), EPA and DHA (both p < 0.05) (Figure 5.3 b). Prolonged 
food deprivation under 4 °C and 24 °C resulted in large standard deviation values of the storage 
FA composition (PC1score values for storage lipids) (Figure 5.3 a).  
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5.5. Discussion 
5.5.1. Role of storage lipids for copepod survival 
Starvation resistance depends on the amount of energy reserves and the way a species allocates 
them to reproduction, growth and metabolism (Elendt and Storch 1990; Wang et al. 2006). 
Storage lipids may be composed of wax esters and triacylglycerols (TAGs) which serve as long- 
and short-term energy deposits, respectively. In particular, wax esters are the dominant storage 
lipid in many deep-living and polar zooplankton taxa (Lee et al. 2006). To our knowledge, the 
presence of wax esters as primary storage lipid has been observed only in one harpacticoid 
species in association with diapause (Williams and Biesiot 2004). Although the storage lipid 
content comprised a large part of the total FA content in P. littoralis i.e. 80%, 3 days of food 
deprivation reduced the storage content substantially, thereby suggesting TAGs to be the main 
storage lipid in this harpacticoid species. Similar short-term storage depletion has been 
observed in other invertebrates such as Crassostrea gigas postlarvae (García-Esquivel et al. 
2002) and Calanus helgolandicus (Lee et al. 1970).  
When food deprivation occurs, the organism’s response is integrated at all levels of organization 
and is directed towards survival of the species (Wang et al. 2006). The transition from fasting to 
starvation is thought to occur after massive degradation of adipose tissue to fuel most bodily 
metabolism (Wang et al. 2006). In the current experiment, the transition likely occurred after 3 
days of food deprivation as the storage content was substantially reduced under 4 °C and 15 °C 
with factors 5 and 13, respectively. However, the drop in storage FA content was not coupled 
with an increased copepod mortality and consequently, this lag period i.e. from day 3 to day 14 
suggested catabolism of other energy sources during starvation. The relative importance of 
several metabolic reserves and the order of utilization varies among species (Hervant et al. 
1990; Sánchez-Paz et al. 2006). In some crustaceans, proteins appear the main energy source 
during food deprivation (Johnston et al. 2004; Mayzaud 1976) or lipids (Båmstedt and Holt 
1978; Evjemo et al. 2001; Ritar et al. 2003) or both simultaneously (Mayzaud 1976).   
In contrast to storage (neutral) lipids, membrane (polar) lipids are usually conserved in food 
deprived crustaceans due to their role as structural components of cell membranes (Arts 1999; 
Helland et al. 2003; Sánchez-Paz et al. 2006). This deviates from the substantial decrease in 
original membrane FA content, observed after short-term food deprivation. Although these 
reductions are minor compared with the depletion of storage FAs, they diverge from previous 
observations where the membrane FA content stayed relatively constant in 10-days starved 
copepods (Koussoroplis et al. 2014). A higher observation frequency during the first 3 days of 
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food deprivation, capturing the bulk depletion of storage and membrane FAs, would have 
yielded more information on their depletion order and also the depletion rate under different 
ambient temperatures. The decrease in membrane FA content could have resulted from the 
degradation of cell organelles as was previously observed in the enterocytes of 4-day starved 
Daphnia magna specimens (Elendt and Storch 1990). In particular, after depletion of whole 
body resources, the rough endoplasmic reticulum and dictyosome (Golgi complex) were 
reduced, potentially reflecting the diminished demand for digestive enzymes. Eventually, the 
cell height was reduced by up to one-fifth of its height. The reduction of membrane FA content 
was smaller under cold exposure. Higher quantity of intracellular membranes under cold 
conditions was previously observed and is thought to compensate for the reduced diffusivity 
constants by reducing the diffusion path length of metabolites (Hazel and Williams 1990; Tyler 
and Sidell 1984). Ambient temperature had a clear effect on the net energy balance of starved 
copepods. In particular, the storage FA content in starved copepods exposed to 4 °C remained 
almost double compared with the 15 °C treatments, indicating that the metabolic cost of living 
increases with temperature (Brown et al. 2004; Gillooly et al. 2001). However, the lipid 
response of copepods exposed to heat stress clearly deviated from this concept. At elevated 
temperature, the organism’s function is limited due to the mismatch between the demand for 
oxygen by the tissues and the supply of oxygen provided by the circulatory system (Schulte 
2015). Under heat stress, a switch to partial anaerobiosis may occur (Pörtner 2012), resulting in 
a limited decrease of the copepod’s storage FA content. In contrast to carbohydrates and free 
amino acids that can be oxidized aerobically or anaerobically, lipids are predominantly 
catabolized in aerobic pathways (Sokolova et al. 2012). This transition to partial anaerobiosis 
occurs well before the onset of lethal temperatures but heralds a time-limited situation, where 
temporary survival is restricted to a few days or weeks. The critical temperature that evokes the 
transition to partial anaerobiosis correlates with the environmental temperatures in the 
marginal populations of many aquatic ectotherms (Sokolova et al. 2012). The biogeographic 
range of the harpacticoid P. littoralis is restricted to Northern Europe (Veit-Köhler et al. 2010) 
and North-America (Lang 1948) and this identifies P. littoralis as a temperate species typical for 
northern latitudes. Given the temperature range in its natural habitat, 4 °C to 20–22 °C in the 
Westerschelde estuary (Sahan et al. 2007), the 24 °C treatment represented a summer extreme 
and likely approached the critical temperature, evoking heat stress in the copepod. 
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5.5.2. Temperature-dependent storage FA mobilization 
Another question that rises is how the FA profile of a consumer changes when lipid stores are 
mobilized rather than deposited. Currently, no general consensus exists on the issue of 
differential FA mobilization. In vitro studies using white adipocyte cells from rats confirmed 
selective FA mobilization (Raclot and Groscolas 1995), while no temporal change in overall FA 
composition was observed in natural long-term fasting studies in several phocid and otariid 
pinniped pups and juveniles (Iverson 2009). These divergent responses may indicate different 
physiological states as some species are confronted with natural cycles of food deprivation, or 
food deprivation is part of their natural history and they are therefore exposed to fasting rather 
than starvation (Castellini and Rea 1992). According to Raclot (2003), FAs are mobilized more 
readily when they are short, unsaturated and when their double bonds are closer to the methyl 
end of the chain. Although the exact mechanism of selective FA mobilization remains unclear, 
hypotheses include selectivity of the rate-limiting enzyme (hormone sensitive lipase) towards 
storage FAs in the process of lipolysis and differential lipid partition of TAG molecules at the 
lipid-water interphase based on their polarity. From a calorific point of view, longer FA chains 
allow for more efficient lipid utilization since every FA has to be activated by one ATP for 
catabolism, independent of its chain length (Kattner and Hagen 2009).  
In the current study, short-term starvation under 15 °C and 24 °C induced pronounced changes 
in the original storage FA composition. Despite strong compositional changes under heat stress, 
lipid depletion was modest. Therefore, the observed compositional changes likely reflected 
additional heat-stress induced responses. In particular, mitochondrial ROS (reactive oxygen 
species) formation might increase with temperature, as was demonstrated in a eurythermal 
marine ectotherm (Abele et al. 2002). ROS species have the potential to damage cellular 
macromolecules such as lipids, proteins and DNA (Schulte 2015). Among the different FA 
classes, PUFA are most prone to lipid peroxidation (Hulbert et al. 2014; Pamplona et al. 2002) 
and once lipid peroxide radicals are formed, an autocatalytic chain of lipid peroxidation can be 
initiated. Furthermore, the EPA and DHA in mitochondrial membranes would enhance 
susceptibility to damage by ROS, generated through oxidative phosphorylation (Chapkin et al. 
2002). This process might be linked with the observed drop in relative PUFA, HUFA and in 
particular EPA, in storage lipids of starved copepods exposed to heat stress. Therefore, 
evaluation of selective FA mobilization will be restricted to the responses under 4 °C and 15 °C 
as these are within the habitat temperature range and were characterized by the most 
pronounced lipid mobilization. Food deprivation under 15 °C evoked the strongest 
compositional changes in storage FAs, in contrast to 4 °C, and this indicated the temperature-
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dependence of selective FA mobilization. Although the proportions of individual FAs changed 
significantly, no clear shifts among FA classes were observed as was the case in other starvation 
studies focusing on crustaceans. For example, Koussoroplis et al. (2014) reported the utilization 
of PUFA and certain MUFA at the expense of SFA in a freshwater calanoid copepod. In contrast, 
Mezek et al. (2010) observed preferential PUFA retention and use of MUFA and SFA in an 
amphipod species during fasting, although this study made no distinction between lipid 
fractions. Long-term food deprivation maintained or increased the compositional FA changes 
and therefore identified a time-aspect in the mobilization process. Noteworthy was the lag 
period of EPA depletion in the storage lipids of copepods. The initial EPA% was maintained 
during the first days of food deprivation but decreased eventually with smallest reduction 
under 4 °C. The EPA requirement appeared higher under cold conditions which is in line with 
previous work on Daphnia pulex (Schlechtriem et al. 2006). Long-term food deprivation under 
the temperature extremes increased the standard error of the copepod storage FA composition. 
High inter-individual variability was previously attributed to the use of individuals from natural 
populations (Koussoroplis et al. 2014; Mezek et al. 2010), and possibly applies to this study as 
well. 
5.5.3. Altered membrane structure and function 
The membrane FA composition of P. littoralis harpacticoids collected from the field was 
dominated by DHA (±35%), followed by EPA (±30%) and 16:0 (±17%). Although DHA slightly 
prevailed the membranes compared to EPA, both essential FAs were rather equally present. 
Regarding the membrane FA composition of other first-level consumers, this harpacticoid 
species can be positioned between cladocerans and calanoid copepods. In particular, DHA (0.9–
2.1%) is almost absent in membranes of cladocerans in contrast to EPA (12–23%) (Persson and 
Vrede 2006), while the contribution of DHA (±35%) to the membranes of calanoids (e.g. 
northern-latitude Calanus species (Kattner and Hagen 2009), the freshwater calanoid 
Eudiaptomus gracilis (Koussoroplis et al. 2014) is almost twice the contribution of EPA (±17%).  
When exposed to fasting, certain organisms might be able to modulate the FA composition of 
their cell membranes to slow down metabolism and to prolong survival as energy stores 
progressively decrease (Koussoroplis et al. 2014; Stuart et al. 1998). In addition, cold stress or 
heat shock can alter the membrane properties of ectotherms such that, unless they are 
corrected quickly, damage and possibly, death may occur (Guschina and Harwood 2006a). 
Although profound changes in membrane FA composition appeared only after long-term food 
deprivation, subtle shifts in FA classes were already observed after 3 days. In particular, cold 
exposure is thought to increase the membrane lipid order but can be compensated by first and 
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second cis-double bond insertions in membrane FA (Guschina and Harwood 2006a). This may 
explain the increase and decrease of the MUFA% and SFA%, respectively, in the copepod’s 
membrane under 4 °C. Noteworthy was the temperature-dependent EPA% response. Cold 
exposure conserved EPA, while an immediate decrease was observed under 15 °C. Under heat 
stress, this decrease was even more pronounced. A similar response was observed for storage 
associated EPA% and this suggests a tight link between both lipid fractions and has been 
proposed previously (Lee and Barnes 1975). Cell membrane lipids experience a natural 
turnover (Hazel and Williams 1990), thereby acting as an additional driver for storage FA 
mobilization. Consequently, ambient temperature might indirectly affect the storage FA 
composition, through the link with membrane FAs, although the storage FA composition is 
mainly affected by the diet (Brett et al. 2009). Indeed, mobilized storage FAs are also used for 
the turnover of cell membranes and as precursors of lipid mediators (eicosanoids) (Raclot and 
Groscolas 1995). EPA and ARA are precursors of eicosanoids i.e. short-lived hormone-like 
substances which have opposite effects in inflammation and immune related processes (Arts 
and Kohler 2009; Parrish 2009). ARA-derived eicosanoids promote inflammation while those 
from EPA are rather anti-inflammatory (Arts and Kohler 2009). Consequently, it is not 
surprisingly that the EPA/ ARA ratio decreased profoundly in copepods subjected to food and 
heat stress. In contrast to the EPA%, short-term food deprivation increased the original DHA% 
regardless of the temperature. This indicates DHA selective retention and is in line with the 
findings of Schlechtriem et al. (2008). DHA is thought to produce an optimal acyl-chain packing 
array for the functioning of transmembrane proteins involved in the excitatory response 
(Parrish 2009). Moreover, dietary DHA appeared important for the survival, eye development 
and pigmentation in halibut larvae (Shields et al. 1999). Preferential retention of essential FAs 
in unfavorable conditions is of great importance for maintaining the cell’s biochemical 
competency (Mezek et al. 2010). However, on the long term, food deprivation combined with 
heat exposure resulted in a sharp decline of the DHA% and a high copepod mortality. In view of 
the essential role of DHA for the organism’s health, it is plausible that the sharp decline in the 
DHA% evoked the increased copepod mortality.  
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5.5.4. Ecological significance 
The use of energy reserves differs among species and is not only related to the biochemistry and 
physiology of nutrition but also to the living environment of the crustaceans (Mezek et al. 2010; 
Sánchez-Paz et al. 2006). The harpacticoid P. littoralis inhabits a temperate, intertidal zone year 
round and its capacity for thermal acclimatization is therefore expected to be high. Previous 
research investigating the harpacticoid species assemblage at the Paulina intertidal salt marsh 
(Westerschelde estuary) suggested that food availability i.e. mainly microphytobenthos, does 
not limit overall copepod abundance but that shifts in resource composition and/ or other 
environmental variables drive assemblage composition (Cnudde 2013; Cnudde et al. 2015). 
However, the spatial heterogeneity of microphytobenthos (Blanchard 1990; Combe et al. 2005; 
Jesus et al. 2005) in combination with the limited mobility of P. littoralis and the absence of 
planktonic larval stages (Giere 1993) may lead to periodical events of food limitation, especially 
in view of the selective feeding behavior of harpacticoid copepods (Nilsson 1987; Vanden 
Berghe and Bergmans 1981; Wyckmans et al. 2007). Furthermore, occasional food limitation 
caused by disproportionally high grazing pressure has been reported (Azovsky et al. 2005). 
P. littoralis showed some starvation resistance which appeared from the use of storage lipids 
during the first days of food deprivation and the DHA retention in the copepod’s membrane. 
Under heat stress, storage lipids appeared inefficient as energy source and copepods might have 
switched to partial anaerobiosis which is usually less efficient. Although this response extends 
the time period of survival, it seriously compromises activities like foraging and reproduction or 
performances like growth. In the intertidal zone, exposure to heat stress and possibly oxygen 
deficiency may occur during daytime at low tide for some species (Pörtner 2012) but is also 
time-limited due to the tidal regime. Nevertheless, our results suggest that a rise in oceanic 
warming, accompanied by increased temperature fluctuations and frequency of temperature 
extremes (Sokolova et al. 2008), might rule out the use of storage lipids as short-term energy 
source and render P. littoralis specimens more vulnerable to periods of food limitation. 
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6.1. Abstract 
Benthic copepods (Harpacticoida) are key members of the meiofauna community, and 
potentially important conveyors of energy from primary producers to higher trophic levels. 
However, little is known on their capability for trophic upgrading of food quality. Therefore, 
Platychelipus littoralis copepods were subjected to famine (3 days) and subsequent refeeding (6 
days) on high (Thalassiosira weissflogii) and low (Dunaliella tertiolecta) quality food at 4, 15 and 
24 °C and their resilience for recovery of structural and storage FAs was determined. 
Additionally, stable isotope probing of FAs gave insight in the copepod’s ability to synthesize 
ARA (20:4ω6), EPA (20:5ω3) and DHA (22:6ω3) from low quality food under different 
temperatures. High intra-specific variability in FA composition and 13C enrichment was observed 
when P. littoralis individuals were exposed to heat (24 °C) and food quality stress, and operated 
therefore as an indicator of environmental stress. Synthesis of the essential FAs ARA, EPA and 
DHA from dietary precursors increased with temperature. However, despite the capability for 
synthesis, no FA accumulation was observed, which suggested substantial FA turnover, 
especially under heat stress. Moreover, synthesis rates were not sufficient to restore the ω3 
pools and ensure survival, at least for the duration of the experiment. Therefore, the question 
rises whether P. littoralis specimens will be able to cope with the reduced dietary supply of 
essential ω3 FAs, as predicted under global warming, given that the physiological need for these 
essential compounds likely increases with temperature. 
6.2. Introduction 
Estuaries are among the most productive, marine ecosystems of the world, however their 
associated phytoplankton and microphytobenthos show a high degree of spatial and temporal 
heterogeneity (Underwood and Kromkamp 1999). Consequently, first-level consumers have to 
deal with pulsed and variable food supplies. Microalgal-meiofaunal trophic relationships are 
vital to understand the mechanisms that affect the trophic energy flow in benthic food webs, yet 
this relationship is very complex and may depend on the environment (Cibic et al. 2009; 
Pinckney et al. 2003) and food availability both in terms of quantity and quality. In particular, 
the issue of occasional food limitation periods experienced by meiofauna has been addressed 
(Blanchard 1991; Montagna et al. 1995; Pinckney et al. 2003) and the answer seemed to be 
habitat-dependent (beach sand, salt marshes or mud flats).   
Benthic copepods (Copepoda, Harpacticoida) are key members of the meiofauna community 
(Hicks and Coull 1983), and therefore, potentially important conveyors of energy from primary 
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producers to higher trophic levels. In aquatic ecosystems, lipids, and particularly their fatty acid 
(FA) building blocks, are the most energy-rich compounds (Parrish 2013). Moreover, FAs are 
key descriptors of food quality in aquatic environments and represent a potentially important 
link between primary producers and consumers (Bell et al. 2007). In particular, the essential FAs 
(EFAs), arachidonic acid (ARA, 20:4ω6), eicosapentaenoic acid (EPA, 20:5ω3) and 
docosahexaenoic acid (DHA, 22:6ω3), are considered important drivers of ecosystem health and 
stability (Parrish 2013).   
Despite the interesting trophic position of benthic copepods as first-level consumers, little is 
known on their lipid (FA) metabolism. In particular, to what extent benthic copepods are able to 
recover from famine as indicated by their storage (reserve) and membrane (structural) FAs, 
remains unresolved and was the focus of this study. Ambient temperature and nutritional 
quality of food sources can influence the rate at which energy reserves are restored 
(Koussoroplis et al. 2014). Moreover, temperature modulated the use of storage FAs by the 
harpacticoid Platychelipus littoralis, i.e. FA depletion and mobilization (Werbrouck et al. 2016a). 
Therefore, temperature-dependency likely applies to the reverse process, the recovery of 
membrane and storage FAs. P. littoralis is a temperate, intertidal copepod species and therefore, 
experimental temperatures were 4, 15 °C, part of the natural temperature range, and 24 °C, 
representing a summer extreme. The dominant photoautotrophs in estuarine and saltmarsh 
sediments are diatoms and chlorophytes, in addition to cyanobacteria (Pinckney et al. 2003) and 
were thus used as experimental food sources. In particular, the diatom Thalassiosira weissflogii 
and the chlorophyte Dunaliella tertiolecta represent two extremes in the food quality spectrum 
as indicated by their FA profile. D. tertiolecta is dominated by 18:3ω3, a polyunsaturated FA 
(PUFA i.e. FAs with > 1 double bond), and 18:4ω3 is typically the longest and most unsaturated 
FA detected (Thor et al. 2007). In contrast, T. weissflogii is characterized by the presence of EPA 
and DHA (St. John et al. 2001), which all belong to the HUFA class (highly unsaturated FAs i.e. 
FAs ≥ 20 carbon atoms and ≥ 3 double bonds) (Bell and Tocher 2009). To monitor the flow of 
carbon from food sources to first-level consumers, the primary producers were isotopically 
labeled using H13CO3-. Tracing stable isotopes in the consumer is a powerful tool in animal 
physiological ecology as they can be used to reconstruct diets, to trace movements, to assess 
physiological condition and to determine the fate of assimilated nutrients within an animal 
(Gannes et al. 1997). This set-up allowed to resolve the following questions: 
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1. Does the harpacticoid resume feeding after famine (bulk 13C uptake) and how does the 
uptake rate vary under different temperature and food regimes?  
2. How are storage FAs affected by famine and subsequent refeeding?   
3. How does copepods’ fitness evolve in terms of survival, individual carbon content and 
membrane FA content and composition?  
Starvation followed by a refeeding period on low quality food (D. tertiolecta), further allowed to 
investigate the harpacticoid’s FA conversion capability to ARA (20:4ω6), EPA (20:5ω3) and DHA 
(22:6ω3). To this purpose, D. tertiolecta is a most suitable ‘precursor’ diet as it is devoid of 
HUFA, but contains substantial amounts of their precursors 18:2ω6 and 18:3ω3 (Thor et al. 
2007). We hypothesize that preceding starvation will stimulate compensatory biochemical 
pathways as P. littoralis is likely not habituated to this particular feeding regime (3 days of 
famine) and foreign food (a chlorophyte mono diet). In particular, 3 days of food deprivation 
under 15 °C depleted the EPA and DHA levels substantially, without increasing the mortality 
(Werbrouck et al. 2016a). Potentially, this physiological shortage drives EFA synthesis during 
the re-feeding process. Virtually all PUFA originate from primary producers but can be modified 
(elongated or desaturated) as they pass up the food chain (Bell and Tocher 2009). Although 
marine invertebrates tend to have greater capacities for FA modification than higher animals 
(Iverson 2009; Kelly and Scheibling 2012), little is known about the pathways of PUFA 
conversion and metabolism in the trophic levels between primary producers and fish, that are 
largely filled by invertebrates (Monroig et al. 2013).   
Calanoid copepods are best studied among the zooplankton and are recognized for their unusual 
ability to produce large amounts of long-chain monounsaturated fatty alcohols (the wax ester of 
20:1ω11, 20:1ω9, 22:1ω11, 22:1ω9) as part of their primary storage fats (Iverson 2009). For 
harpacticoid copepods, several studies highlighted their capacity for ω3-HUFA production, 
although all based on indirect evidence. This included increased relative abundance of EPA and 
DHA in the copepod compared to its diet (Nanton and Castell 1998) or similar ω3-HUFA levels in 
newly-hatched offspring, regardless of the presence of these HUFA in the diet of the parental 
copepods (Norsker and Støttrup 1994). Unraveling their metabolic pathways might have 
interesting applications in aquaculture, especially considering the superiority of copepods for 
the larviculture of marine fish. Currently, rotifers and brine shrimps (Artemia) are used as feed 
for fish larvae, however, they need to be enriched in FAs to support full development (Karlsen et 
al. 2015; van der Meeren et al. 2008). Direct evidence of EFA synthesis by a harpacticoid was 
presented in De Troch et al. (2012a) using 13C enriched food sources and subsequent compound-
specific carbon isotope analysis (CSIA) of the FA. FA-SIA combines stable isotope and FA 
analyses as it determines the C isotopic composition of individual FA in the consumer (Budge et 
al. 2008). Therefore, it is a powerful technique for estimating the diet’s contribution to the 
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consumer’s FA profile to reveal the presence of certain bioconversion pathways. It is now well-
established that a HUFA-deficient diet may drive bioconversion (De Troch et al. 2012a; Iverson 
2009). However, less is known on the effect of ambient temperature, to our knowledge only 
addressed in Nanton and Castell (1999), despite the pressing need for a better understanding of 
global warming alterations. Concerning the latter, consumers may suffer from direct 
temperature effects on their physiology i.e. homeoviscous adaptation (Hazel 1984) and 
rearrangement of the energy budget due to increased maintenance costs (Sokolova et al. 2012). 
In addition, global warming potentially induces indirect negative effects through altered food 
characteristics, such as changes in algal biochemical composition, in timing and in composition 
of the algal assemblage (Charette and Derry 2016; Galloway and Winder 2015; Hixson and Arts 
2016; Søreide et al. 2010). Consequently, the consumer’s capability for producing the essential 
FAs may be critical to cope with upcoming global warming. Therefore, the current study also 
targeted the following objectives: 
1. Is the harpacticoid P. littoralis able to convert dietary precursors to ARA, EPA and DHA? 
2. Where are these synthesized products predominantly incorporated, in membrane or 
storage lipids?  
3. Is EFA synthesis a temperature-mediated process?  
6.3. Material and Methods 
6.3.1. Algae culturing – copepod collection 
Thalassiosira weissflogii (Bacillariophyceae) and Dunaliella tertiolecta (Chlorophyceae) were 
obtained from the Marine Algal Culture Centre - Göteborg University (strain GUMACC123) and 
the Aquaculture lab – Ghent University, respectively. Both algae were non-axenically cultured in 
tissue bottles using filtered (0.5 µm) and autoclaved seawater (salinity: 30), supplemented with 
Walne’s medium and a vitamin mix solution (Walne 1970) under a 14:10 h light-dark period 
(receiving 25-50 µmol photons m-2 s-1) at 20±1 °C. Additionally, the T. weissflogii culture was 
supplemented with a silicate solution. Both algae were labeled with 13C by adding 16.8 mg 
NaH13CO3 (99%, 13C, Cambridge Isotope Laboratories) per 100 mL of culture medium. After 6 
days of growth, the 13C labeled supernatant was discarded from the cultures by means of 
centrifugation. Subsequently, the algal cultures were washed twice with filtered (0.5 µm) and 
autoclaved seawater (salinity 30) to achieve complete removal of the 13C labeled medium. Equal 
volumes of the algal concentrate were distributed in Eppendorf tubes and stored at -80 °C for 
subsequent copepod feeding. In parallel, triplicates were stored at -80 °C for later lipid 
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fractionation (FA analyses), SI analysis, carbon content and dry weight determination. 
Concerning the latter, samples were filtered (Whatman GF/F), dried overnight at 60 °C and 
stored 4 h in a dessicator prior to weighing. The algal carbon content supplied at each feeding 
event was considered well above the food limitation levels i.e. 0.46±0.03 mg C and 
0.53±0.01 mg C for T. weissflogii and D. tertiolecta, respectively. The atomic % 13C of T. weissflogii 
and D. tertiolecta were altered to 36.9±0.2 % and 36.7±0.2 %, respectively. At the start of the 
experiment, estimated T. weissflogii and D. tertiolecta cell lengths were 14±1 µm and 7±1 µm, 
respectively (inverted microscope Zeiss Axiovert 40C).  
Harpacticoid copepods (Platychelipus littoralis Brady 1880, family Laophontidae) 
(~ 0.9 mm length) were collected from the top sediment layer (November 2015, 14±1 °C) in a 
small intertidal muddy creek at the Paulina intertidal flat (Westerschelde estuary, 51°21’N, 
3°43’E, SW Netherlands). P. littoralis individuals were extracted alive using sediment 
decantation. Under a Wild M5 binocular, adult specimens were randomly collected with a glass 
pasteur pipette. Samples of field-collected copepods were stored at -80 °C for later bulk stable 
isotope (13C) analysis (20 ind. per sample) and lipid fractionation (FA analysis) (100 ind. per 
sample). All copepods were kept overnight in glass jars with some sediment aliquots at 15±1 °C 
prior to the start of the experiment. 
6.3.2. Experimental set-up 
Experimental units consisted of Petri dishes (surface area = 26.4 cm², 20 mL) with artificial 
seawater (Instant Ocean synthetic salt, salinity 25, filtered over 0.2 µm Millipore filters), and 
contained minimum 120 copepods each. Prior to the feeding experiment, the copepods were 
starved for 3 days at 15±1 °C under a 12:12 h light-dark regime (25 to 50 µmol photons m-2 s-1) 
in order to deplete their FA levels substantially (Werbrouck et al. 2016a). After one day of food 
deprivation, copepods were transferred to new Petri dishes with (acclimated) artificial seawater 
to remove their fecal pellets. After 2 additional days of famine, the copepods from 3 units were 
sorted; 20 copepods from each unit were picked randomly for bulk stable isotope (13C) analysis. 
The remaining copepods (min. 100 ind. per sample) were stored for lipid fractionation and FA 
extractions. In the refeeding experiment, copepods were offered pre-thawed, 13C enriched 
D. tertiolecta or T. weissflogii cells, and each food treatment was triplicated at 4, 15 and 24±1 °C. 
Daily, the copepods were washed over a 100 µm sieve to remove the old algal cells, placed in 
new Petri dishes with acclimated, artificial seawater and supplied with freshly-thawed 13C 
enriched algae. After 6 feeding days, copepod mortality was assessed in each unit. The copepods 
were transferred to artificial seawater and starved for 6h at their experimental temperature. 
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This allowed gut clearance, before they were sorted for bulk stable isotope and lipid (FA) 
analyses. 
6.3.3. Bulk stable isotope analysis 
Carbon stable isotope ratios and carbon content of copepods and diatoms were determined in 
three biological replicates for each treatment, with an isotope ratio mass spectrometer (type 
Europa Integra) at the Davis Stable Isotope Facility (University of California, USA). Internal 
reference materials were calibrated against the international reference material USGS-41, with 
long-term standard deviation 0.2‰ for 13C. Stable isotope ratios are expressed in the δ notation 
with Vienna Pee Dee Belemnite (VPDB) as reference standard and expressed in units per 
thousand (‰), according to the standard formula δ13C = [(Rsample / RVPDB) - 1] x 103, where R is 
the ratio of 13C/12C and RVPDB = 0.01118.   
However, the atomic % 13C values were used to estimate the fraction (f) of copepod carbon 
derived from the 13C labeled diet i.e. T. weissflogii and D. tertiolecta:  
     f =
a13C cop, treatment−a 13C cop, starved
a13C enriched food−a13C not-enriched food
 
where a13C cop, treatment, a13C cop, starved, a13C not-enriched food, a13C natural food are the isotopic compositions 
of copepods fed 13C enriched food, starved copepods, and enriched and not enriched food, 
respectively. Multiplication of this fraction with the mean copepod carbon content results in the 
amount of assimilated algal carbon per individual copepod.  
6.3.4. Lipid extraction and fractionation, FA derivatization 
All lipids of copepods were extracted with a modified Bligh and Dyer extraction (Findlay et al. 
1989). Subsequently, the total lipid extract was fractionated on a silicic acid solid phase 
extraction column (Merck) into different polarity classes by sequential eluting with chloroform 
(containing neutral lipids), acetone (glycolipids) and methanol (containing polar lipids) (Christie 
1989). To allow gas chromatographic separation, FAs of the lipid fractions were derivatized to 
fatty acid methyl esters (FAMEs). Phospholipid fatty acids (PLFA) of the methanol fraction were 
methylated using a mild alkaline methanolysis as in Boschker et al. (1999), while glyco- and 
neutral lipid fatty acids (NLFA) of the acetone and chloroform fractions, respectively, were 
derivatized using a modified method after Abdulkadir and Tsuchiya (2008). Here, the boron 
trifluoride-methanol reagent was replaced by a 2.5% H2SO4-methanol solution, since the BF3-
methanol can cause artifacts or loss of PUFA (Eder 1995). FAME of 19:0 (Sigma-Aldrich) was 
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added as internal standard.   
Samples were concentrated to 200 µl hexane before analyzed using a gas chromatograph 
(Hewlet Packard 6890N) coupled to a mass spectrometer (HP 5973) as in De Troch et al. 
(2012a). The samples were run in splitless mode injecting 1µl at an injector temperature of 
250 °C using an HP88 column (Agilent J&W; Agilent). The FAMEs were identified by comparing 
the retention times and mass spectra with authentic standards and mass spectral libraries 
(WILEY, own library) and analyzed using MSD ChemStation software (Agilent Technologies). 
Quantification of individual FAMEs was accomplished using a component FAME 37 and BAME 
mix (Bacterial Acid Methyl Esters) (Sigma-Aldrich) and completed with individual FAME 
standards (Larodan).   
Shorthand FA notations of the form A:BωX were used, where A represents the number of carbon 
atoms, B gives the number of double bonds, and X gives the position of the first double bond 
counting from the terminal methyl group. Algal and copepod FA contents are expressed per 
mass dry weight (DW) and per individual, respectively. 
6.3.5. Compound-specific stable isotope analysis of FAs 
The 13C enrichments of the essential FAs (ARA, EPA and DHA) were determined on FAME 
extracts derived from polar and neutral lipid fractions of the starved copepods and the copepods 
refed with 13C labeled D. tertiolecta at 4, 15 and 24 °C. The FAME extracts were analyzed using 
gas chromatography combustion-isotope ratio mass spectrometry (GC-c-IRMS) consisting of a 
Trace GC Ultra, coupled to a DeltaplusXP continuous flow stable isotope ratio mass spectrometer 
by a GC combustion III interface (all Thermo Scientific, Bremen, Germany). Chromatographic 
separation was done using a BPX5 column (30 m x 0.25 mm x 0.5 µm; SG9) with a He flow rate of 
1.2 mL min-1, column kept at 50 °C for 1.5 min, followed by a ramp at 50 °C min-1 to 190 °C, then 
a second ramp at 3 °C min-1 to 290 °C. Injection was done with a large volume PTV injector, 
heated from 40 °C to 325 °C in 23 seconds during the injection phase. Each extract was run in 
duplicate on the GC-c-IRMS. Certified material was Mixture F8-3 provided by Prof. Dr. Arndt 
Schimmelmann (Department of Geological Sciences, University of Indiana) (δ13C ranging from -
23.24 to -30.92‰, uncertainty <0.03‰). The calculations are specified for EPA herein. Similar 
calculations were performed for ARA and DHA.  
The fraction (f) of membrane-EPA derived from the 13C labeled food was computed according to:  
   fmembrane−EPA,T (°C) =
a13C membrane-EPA, T (°C)  − a 13C membrane-EPA, starved
a13C enriched DT − a13C not-enriched DT
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where a13C membrane-EPA, T (°C) and a13C membrane-EPA, starved are the isotopic compositions of membrane-
associated EPA in copepods fed D. tertiolecta at a particular temperature and in copepods 
starved for 3 days, respectively. a13C enriched DT and a13C not-enriched DT are the isotopic compositions 
of 13C enriched and not-enriched D. tertiolecta.  
Multiplication of this fraction with the amount (C) of membrane-associated EPA per copepod, 
observed at a particular temperature, results in the amount of synthesized EPA associated with 
the membrane lipids of copepods exposed to a particular temperature: 
   C synthesized membrane−EPA,T (°C) =  f membrane−EPA,T (°C)x C membrane−EPA,T (°C) 
Similar calculations are performed for storage-associated EPA: 
    fstorage−EPA,T (°C) =
a13C storage-EPA, T (°C)  − a 13C storage-EPA, starved
a13C enriched DT − a13C not-enriched DT
 
 
Csynthesized storage−EPA,T (°C) =  f storage−EPA,   T(°C) x C  storage−EPA,   T(°C) 
Subsequently, the amounts of synthesized EPA in both lipid pools for a particular temperature 
treatment are summed: 
C total synthesized EPA,   T(°C) =  C synthesized membrane−EPA,   T(°C) + C synthesized storage−EPA,   T(°C) 
Eventually, the total amount of synthesized EPA by the copepods under a particular temperature 
is standardized for the amount of carbon assimilation (D. tertiolecta): 
C total synthesized EPA per DT carbon =
C total synthesized EPA,   T(°C) 
C assimilated DT,   T(°C)
 
6.3.6. Statistical analyses 
The following variables were subjected to one- and two-way ANOVA tests: survival, copepod 
carbon content, carbon assimilation, membrane and storage FA content, DHA/ EPA ratio, and 
also the EPA and DHA content associated with each polar (membrane) and neutral (storage) 
lipid fraction (IBM SPSS Statistics Version 22). One-way tests compared the levels of each 
variable in copepods from the field, after starvation and from each temperature-diet treatment. 
Two-way ANOVA tests investigated the impact of temperature and diet. In case of significant 
differences, Tukey HSD post-hoc tests were performed to detect pairwise differences, using 95% 
confidence limits. Prior to ANOVA, Levene’s test was used to check the assumption of 
homoscedasticity. When the assumption of homoscedasticity was not met after transformation, 
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non-parametric tests (PERMANOVA) were performed using Primer 6 Version 6.1.11 and 1.0.1 
(Clarke and Gorley). To assess if isotopic enrichment was significant, isotopic composition of 
treated samples (copepods refed with 13C enriched D. tertiolecta) were compared with the 
respective non-enriched (starved) copepod samples, using one sample t-tests (SPSS). The 
relationship between the incubation temperatures and the amounts of synthesized ARA, EPA, 
DHA was investigated by performing a Spearman’s rho correlation analysis (1-tailed) (SPSS). 
Prior to the multivariate statistics, relative FA data of T. weissflogii, D. tertiolecta, and membrane 
and storage lipids were arcsine square root transformed to meet the assumptions for normality 
and homogeneity of variance. Subsequently, a non-metric multidimensional scaling method 
(nMDS) (Bray Curtis similarity) ordered the samples in a low-dimensional space (Primer 6 
software). Next, a two-way ANOSIM test revealed the effects of temperature and food on the 
membrane and storage FA composition. A subsequent SIMPER analysis identified the FAs 
contributing most to the observed differences. Glycolipids in copepods were excluded from the 
analyses as their relative contribution to the overall FA pool appeared smallest (average of 
10%). 
6.4. Results 
6.4.1. Diet characterization 
The carbon contents of T. weissflogii and D. tertiolecta were 0.52±0.17 and 
0.37±0.09 mg C mg dry wt-1, respectively. Despite their similar FA content, i.e. 38.6±2.3 and 
36.7±1.1 µg FA mg dry wt-1, different FA profiles were observed mainly due to 18:3ω3, EPA and 
16:3ω4 (Appendix Table 6.3). 
6.4.2. Feeding experiment 
Survival – carbon content – assimilation 
Both temperature and diet affected survival of P. littoralis (pseudo-F2,15=8.9 and pseudo-
F1,16=16.1, both p < 0.01, no interaction) (Figure 6.1). T. weissflogii (99±2%) supported higher 
survival of the copepods than D. tertiolecta (95±4%). Survival of P. littoralis was higher at 4 °C 
(99±1%) compared to 24 °C (94±5%) (pairwise p < 0.01).  
Starvation reduced the carbon content from 1.9±0.1 µg C per ind. (field) to 1.5±0.1 µg C per ind. 
However, copepods refed with T. weissflogii recovered successfully as their carbon content 
approached the original values, in contrast to copepods offered a D. tertiolecta diet, i.e. 1.9±0.2 
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µg C per ind. versus 1.6±0.1 µg C per ind., respectively (Figure 6.1) (pseudo-F1,16=7.8, p < 0.05, 
no temperature or interaction effect).  
 
Figure 6.1: Copepod survival (% +1SD) (bars) and carbon content (µg C per ind. +1SD) (black dots) in 
field-collected, starved (3 days) and refed (6 days) copepods with D. tertiolecta and T. weissflogii under 4, 
15 and 24 °C  
The δ13C values of field-collected and starved copepods did not differ significantly i.e. -
15.5±0.05 ‰ (1.1 % 13C) and -15.2±0.3 ‰ (1.1 % 13C), respectively. Refeeding with 13C labeled 
food increased the atomic 13C % to 2±0.04 % (4 °C with D. tertiolecta) and even up to 8±1 % 
(15 °C with T. weissflogii). Temperature, diet (F2,15=81.1 and F1,16=329.1, both p < 0.001) and 
their interaction (F2,12=9.3, p < 0.01) influenced the amount of assimilated carbon by the 
copepods (Figure 6.2). For each temperature, the copepods assimilated more carbon when 
T. weissflogii was offered compared to D. tertiolecta (Tukey HSD all p < 0.05). In the T. weissflogii 
treatments, the highest assimilation was observed at 15 °C (0.36±0.02 µg C) compared to 4 °C 
(0.19±0.03 µg C) and 24 °C (0.23±0.02 µg C) (Tukey HSD all p < 0.001). On a D. tertiolecta diet, 
the lowest assimilation appeared at 4 °C (0.04±0.005 µg C) compared to 15 °C (0.15±0.01 µg C) 
and 24 °C (0.11±0.03 µg C) (Tukey HSD both p < 0.01) (Figure 6.2).  
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Figure 6.2: Assimilation of the two diets D. tertiolecta and T. weissflogii, expressed as the amount of 
carbon assimilated per individual copepod at 4, 15 and 24 °C (µg C +1SD) 
Membrane and storage FA content 
Starvation reduced the individual membrane FA content to ±64% of the field level (F7,16=15.1, 
p < 0.001; Tukey HSD p < 0.01) (Figure 6.3 a). Refeeding at 24 °C lowered the membrane FA 
content further, regardless of the offered diet i.e. to 36% of the field level (F2,15=10.1, p < 0.01 for 
temperature, diet and interaction were not significant). In none of the treatments copepods 
managed to recover their membrane FA content to pre-starvation levels (Tukey HSD all 
p < 0.001), although the decline at 4 °C and 15 °C with a T. weissflogii diet (65-57% of the field 
level) appeared smaller compared to D. tertiolecta (50-46%).  
Three days of famine roughly halved the storage FA content i.e. from 54±12 ng FA per ind. to 
31±3.3 ng FA per ind. (F7,16=22.4, p < 0.001; Tukey HSD p < 0.01) (Figure 6.3 a). Temperature, 
diet and their interaction, all influenced the storage FA recovery (F2,15=8.2, F1,16=24.4 and 
F2,12=7.6, all p < 0.01). When T. weissflogii was offered, the storage FA content was highest at 4 °C 
compared to 15 °C and 24 °C (Tukey HSD both p < 0.01), while no significant differences among 
temperature incubations appeared when copepods were offered D. tertiolecta. The effect of diet 
emerged only at 4 °C as indicated by the higher storage FA content when copepods were fed 
with T. weissflogii (Tukey HSD p < 0.01). Similar as for the membrane FA content, a refeeding 
period of 6 days did not restore the storage FA content. 
Membrane- and storage-associated EPA and DHA content 
Famine reduced the membrane- and storage-associated EPA content roughly by half (F7,16=28.2 
and F7,16=25.5, Tukey HSD both p < 0.01) (Figure 6.3 b), but not the membrane- and storage-
associated DHA content (Figure 6.3 c). The membrane-associated EPA and DHA content further 
declined after refeeding at 24 °C, regardless of the diet (Tukey HSD all p < 0.05). Refeeding the 
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copepods with T. weissflogii at 4 °C did not change the storage-associated EPA and DHA content 
significantly as compared to the levels in starved copepods.  
Both temperature and diet affected the membrane-associated EPA content (F2,15=19.6 and 
F1,16=14.9, both p < 0.01, no interaction). More specifically, a T. weissflogii diet resulted in a 
higher EPA content in the copepods’ membranes compared to D. tertiolecta i.e. 9.5±3.5 ng EPA 
per ind. compared to 6.7±1.9 ng EPA per ind., respectively. Furthermore, the membrane-
associated EPA content decreased with rising temperature on both diets (Tukey HSD all 
p < 0.05).  
Only temperature affected the DHA content in the copepods’ membranes (F2,15=8.2, p < 0.01) i.e. 
exposure to 4 °C (15.0±2.6 ng DHA per ind.) resulted in a higher concentration compared to 
24 °C (9.3±2.7 ng DHA per ind.) (Tukey HSD p < 0.01). Temperature, diet and their interaction 
affected both the storage-associated EPA (F2,15=13.1, F1,16=38.2 and F2,12=7.8, all p < 0.01) and 
DHA content (F2,15=10.7, F1,16=28.6 and F2,12=7.9, all p < 0.01), revealing the same response 
pattern as the total storage FA content.  
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Figure 6.3: (a) Membrane and storage FA content, (b) EPA (20:5ω3) and (c) DHA (22:6ω3) (ng per ind.) 
of P. littoralis prior (field), after 3 days of starvation (starved) and after 6 days of incubation with 
D. tertiolecta and T. weissflogii at 4, 15 and 24 °C. Mean +1 SD for storage and glycolipids, mean –1 SD for 
membrane lipids   
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Membrane and storage FA composition 
The copepods’ membrane and storage FA composition (Table 6.1 a, b) grouped according to 
ambient temperature and offered diet as indicated by the nMDS plots (Figure 6.4 a, b), and the 
significance of this grouping was confirmed by subsequent ANOSIM tests. In particular, two-way 
ANOSIM tests for the effects of temperature and diet on the FA composition resulted in R=0.93 
(p < 0.001) and R=1 (p < 0.001) for membrane lipids, and R=0.745 (p < 0.001) and R=0.73 
(p < 0.004) for storage lipids, respectively. Table 6.2 summarizes the average dissimilarity % 
among the temperature and diet groups for membrane and storage lipids, and the FA 
contributing most to the observed differences (SIMPER analysis). The stronger impact of food on 
the membrane FA composition was further reflected by the high pairwise dissimilarity 
percentage (39.9%) compared to the storage FA composition (14.7%).  
Starvation increased the original DHA/ EPA ratio in the membrane lipids from 1.1±0.1 to 1.6±0.1 
(F7,16=20.3, p < 0.001, Tukey HSD p < 0.001) (Table 6.1 a). Both temperature and food affected 
the ratio (F2,15=16.0 and F1,16=40.0, both p < 0.001, no interaction). Recovery on a D. tertiolecta or 
T. weissflogii diet resulted in DHA/ EPA ratios of 1.8±0.2 and 1.4±0.2, respectively. Furthermore, 
the highest ratio was observed at 24 °C (1.8±0.2) versus 4 °C (1.4±0.2) and 15 °C (1.5±0.2) 
(Tukey HSD both p < 0.01). 
 
Figure 6.4: Non-metric multidimensional scaling plots (Bray Curtis similarity) of arcsine square root 
transformed relative FA data of (a) membrane lipids and (b) storage lipids in P. littoralis 
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Table 6.1: (a) Membrane and (b) storage FA composition (i.e. fraction of the measured FA, % ±1 SD) of 
P. littoralis prior (field), after 3 days of starvation (starved) and after 6 days of incubation at 4, 15 and 
24°C with D. tertiolecta and T. weissflogii. —, not detected; EPA, 20:5ω3; DHA, 22:6ω3 
(a)  field starved    D. tertiolecta   T. weissflogii 
      
 
4°C  15°C  24°C  
 
4°C  15°C  24°C  
14:0 0.5±0.1 0.3±0.1 
 
— — 0.6±0.4 
 
0.9±0.1 0.9±0.1 0.8±0.4 
15:0 0.3±0.03 — 
 
— — — 
 
— — — 
16:0 15.2±1.3 14.8±1.6 
 
14.3±0.2 16.0±0.5 16.3±2.5 
 
16.1±0.5 17.8±1.3 16.8±0.7 
16:1ω5 0.6±0.02 0.8±0.1 
 
0.7±0.04 0.9±0.1 0.9±0.1 
 
0.6±0.1 0.8±0.1 0.8±0.1 
16:1ω7 3.7±0.7 3.5±0.7 
 
3.9±0.4 4.3±0.2 4.0±0.9 
 
4.4±0.1 4.9±0.4 4.3±0.3 
16:2 0.3±0.1 — 
 
— — — 
 
— — — 
18:0 4.7±0.2 5.6±0.4 
 
5.2±0.4 6.2±0.4 7.6±1.6 
 
4.3±0.2 5.7±0.4 7.1±0.4 
18:1ω7c 5.7±0.3 5.6±0.4 
 
6.8±0.4 9.5±0.2 10.4±0.2 
 
6.1±0.2 9.5±0.8 8.5±0.8 
18:1ω9c 0.9±0.1 0.8±0.02 
 
0.8±0.1 1.1±0.1 1.1±0.2 
 
0.9±0.1 0.9±0.02 — 
18:2ω6c 0.5±0.1 0.4±0.1 
 
0.9±0.1 1.2±0.04 1.2±0.1 
 
0.6±0.04 0.7±0.04 — 
18:3ω3 — — 
 
1.9±0.1 2.3±0.3 2.4±0.3 
 
— — — 
20:1ω9 1.0±0.04 1.2±0.1 
 
1.3±0.1 1.3±0.1 1.5±0.2 
 
1.1±0.1 1.2±0.04 1.3±0.1 
20:4ω3 0.6±0.04 — 
 
— — — 
 
— — — 
20:4ω6 1.4±1.0 2.1±0.1 
 
2.1±0.3 2.1±0.3 2.3±0.3 
 
2.2±0.1 2.0±0.1 2.2±0.1 
20:5ω3 29.2±1.0 24.0±0.8 
 
22.8±0.6 20.5±1.3 17.6±1.1 
 
26.7±0.5 23.2±0.9 22.1±0.7 
21:5ω3 0.9±0.03 0.8±0.2 
 
0.6±0.1 — — 
 
0.9±0.3 0.8±0.2 — 
22:5ω3 2.3±0.4 1.4±0.3 
 
1.1±0.1 — — 
 
1.2±0.1 — — 
22:5ω6 0.8±0.1 1.2±0.3 
 
0.8±0.2 — — 
 
— — — 
22:6ω3 31.5±2 37.3±1.9 
 
36.7±1.2 34.9±0.4 34.2±3.6 
 
34.0±0.5 31.7±2.5 36.1±0.8 
DHA/EPA 1.1±0.1 1.6±0.1   1.6±0.1 1.7±0.1 1.9±0.2   1.3±0.03 1.4±0.1 1.6±0.1 
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 (b) field starved    D. tertiolecta   T. weissflogii 
      
 
4°C  15°C  24°C  
 
4°C  15°C  24°C  
14:0 3.2±0.2 3.4±0.3 
 
3.5±0.1 4.1±0.2 4.0±0.3 
 
4.6±0.3 6.1±0.2 4.4±0.6 
15:0 0.8±0.1 1.1±0.1 
 
1.0±0.3 1.3±0.4 1.3±0.3 
 
0.9±0.1 1.2±0.1 1.4±0.4 
16:0 14.6±0.9 17.3±1.5 
 
20.1±2.8 26.1±4.0 25.7±4.2 
 
16.0±1.8 17.0±0.8 18.5±0.3 
16:1ω7 19.2±0.6 19.7±0.7 
 
15.0±1.4 17.1±1.2 13.3±3.6 
 
17.6±0.8 24.2±2.3 20.5±1.0 
16:1ω9 0.9±0.2 — 
 
2.7±0.7 1.2±1.1 — 
 
— — — 
16:2 3.2±0.1 2.0±1.1 
 
2.1±0.2 2.3±0.2 2.6±1.0 
 
3.5±0.5 3.1±0.3 3.2±0.3 
16:3ω4 2.2±0 1.4±0.1 
 
1.5±0.3 1.5±0.4 1.4±0.5 
 
3.6±0.2 3.5±0.2 2.0±0.1 
16:4ω4 2.3±0.2 1.7±0.2 
 
1.6±0.5 1.5±1.3 1.4±1.2 
 
1.4±0.4 1.2±0.2 1.8±0.1 
18:0 2.9±0.8 4.1±1.3 
 
7.1±2.9 11.5±2.7 16.4±9.2 
 
4.7±1.7 5.1±1.3 5.7±0.9 
18:1ω7c 2.3±0.2 2.6±0.3 
 
2.8±0.4 3.5±0.4 1.6±1.4 
 
2.5±0.04 2.8±0.4 3.1±0.1 
18:1ω9c 1.4±0.01 1.8±0.4 
 
1.9±0.6 2.3±0.8 2.0±0.6 
 
1.7±0.3 1.4±0.5 2.3±0.6 
18:2ω6c 0.7±0.03 0.9±0 
 
1.5±0.1 1.2±0.4 — 
 
1.0±0.1 — 1.2±0.3 
18:3ω3 0.4±0.1 — 
 
6.6±1.5 1.6±0.4 — 
 
— — — 
18:3ω6 0.6±0.1 — 
 
— — — 
 
— — — 
18:4ω3 2.4±0.03 2.1±0.1 
 
1.6±0.3 1.7±0.6 2.0±0.8 
 
2.1±0.4 1.8±0.4 2.0±0.3 
20:4ω3 0.6±0.1 — 
 
— — — 
 
— — — 
20:5ω3 35.7±1.3 35.3±1.1 
 
26.5±2.5 19.8±9.2 24.2±7.5 
 
32.8±2.1 27.6±1.1 29.1±0.8 
21:5ω3 0.8±0.2 — 
 
— — — 
 
— — — 
22:5ω3 1.7±0.3 2.0±0.1 
 
— — — 
 
1.5±0.4 — — 
22:6ω3 4.0±0.5 4.6±0.6   4.5±0.1 3.4±1.8 4.1±1.5   6.1±0.4 4.9±0.5 4.9±0.5 
 
Table 6.2: Summary of the SIMPER results: pairwise comparisons with average dissimilarity percentages 
(%) and top three FAs contributing most to the observed differences. TW, T. weissflogii; DT, D. tertiolecta 
Membrane lipids       Storage lipids     
       4 - 15°C 8.27% 22:5ω3; 18:2ω6c; 22:5ω6 
 
4 - 15°C 9.56% 20:5ω3; 18:3ω3; 22:5ω3 
15 - 24°C 5.47% 14:0; 18:2ω6c; 16:1ω7 
 
15 - 24°C 10.70% 18:2ω6c; 18:0; 20:5ω3 
4 - 24°C 8.91% 22:5ω3; 20:5ω3; 22:5ω6 
 
4 - 24°C 12.23% 18:3ω3; 18:0; 16:1ω9 
TW - DT 39.86% 22:6ω3; 16:1ω7; 14:0   TW - DT 14.72% 18:3ω3; 18:0; 20:5ω3 
 
Compound-specific stable isotope analysis of FAs 
Significant isotopic enrichment of ARA, EPA and DHA, associated with membrane and/ or 
storage lipids, was found in the treated samples (copepods refed with 13C enriched D. tertiolecta) 
compared with the respective starved samples (all p < 0.001) (Figure 6.5). However, compared 
to concentration measurements, higher FA concentrations are needed for accurate 13C 
determination. Therefore, 13C of DHA in the storage lipids at 4 °C could not be determined and 
only one of three replicates of the 15 °C and 24 °C incubations had the required concentration 
(Figure 6.5 b). Synthesis of ARA (r=0.949, p < 0.001), EPA (r=0.632, p < 0.05) and DHA (r=0.738, 
p < 0.05) all increased with temperature (Figure 6.6).  
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Figure 6.5: δ13C values (‰ +1SD) of (a) EPA and DHA in the membrane lipids, (b) EPA and DHA in the 
storage lipids and (c) ARA in the membrane lipids of P. littoralis, starved (3 days) prior to refeeding with 
13C enriched D. tertiolecta at 4, 15 and 24 °C. *, DHA concentration was only sufficient in one replicate to 
allow reliable 13C determination  
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Figure 6.6: Total amount of synthesized ARA, EPA and DHA (µg +1SD) per g assimilated carbon 
(D. tertiolecta) by the harpacticoid P. littoralis at 4, 15 and 24 °C 
6.5. Discussion 
6.5.1. Assimilation 
Famine strongly impacted the copepods based on their decreased carbon (20%) and FA (36%) 
content (cf. Werbrouck et al. 2016a). Nevertheless, the copepods resumed feeding on both diets 
based on the observed assimilation. Assimilation of T. weissflogii increased the copepod carbon 
content almost to the original field levels and likely supported higher copepod survival. In 
particular, the higher carbon content per dry weight and the presence of ARA, EPA and DHA 
contribute to the higher food quality of T. weissflogii compared to D. tertiolecta. The formation of 
new biomass as metabolic components, body structure, and reproductive tissues is a key process 
underlying organismal fitness (Frost et al. 2005).   
Temperature impact on the energy acquisition (feeding rate, digestive and assimilation 
efficiency), incorporation (biomolecule synthesis, gene expression, allocation and storage) and 
release (respiration, egestion and excretion) (Frost et al. 2005) may all have contributed to the 
observed differences in assimilation in the current study. Assimilation peaked at 15 °C, which 
likely approaches the optimum growth temperature of this temperate, intertidal harpacticoid 
copepod, evoking the maximum rate of performance within its thermal performance curve 
(Schulte 2015).   
Although the current assimilation estimates proved their value for relative comparison among 
temperature treatments, extrapolation to field estimates requires caution as they result from 
laboratory manipulations. In particular, daily stress due to experimental handling with a sieve at 
each feeding event and the absence of a sediment matrix may underestimate the assimilation. In 
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particular, Cnudde et al. (2012) suggested that the presence of sediment stimulated the diatom 
assimilation by P. littoralis, likely due to its epibenthic lifestyle as this is not necessarily the case 
for all harpacticoid species (De Troch et al. 2006). Also the lack of a sticky diatom biofilm i.e. a 
mucilaginous extracellular polymer matrix, may affect the trophic interaction with the consumer 
(Decho and Lopez 1993).  
6.5.2. Storage FAs 
In contrast to the regained carbon content, no recovery of the storage FA pool was observed, 
even when refed with high quality food. T. weissflogii supported complete copepod development 
(Koski et al. 2008) and stimulated the build-up of storage FAs in Acartia copepods (Werbrouck 
et al. 2016c). Moreover, Arctic Calanus species increased their lipid content on a T. weissflogii 
diet, while their carbon content remained almost constant during feeding (Graeve et al. 2005). 
Rather the opposite appeared in the current study as the copepods increased their individual 
carbon content, while no alteration or rather a decline in storage FA content was observed. A 
refeeding period of 6 days appeared too short for copepods to recover from severe nutritional 
stress (3 days of famine) as suggested by their FA profile.  
Recovery is not only a matter of resuming feeding but also of digestion (Tiselius 1998). 
Potentially, assimilated dietary FAs were catabolized to match the energy demand for catch-up 
biosynthesis of gut cells and digestive enzymes during recovery. In fact, starved copepods 
reintroduced to food have been showing elevated clearance rates (Tiselius 1998) and 
augmented respiration rates, transiently rising above the respiration rate of constantly feeding 
copepods (Thor 2003), both interpreted as a ‘hunger response’. As the duration of the hunger 
response depended on the duration of the preceding starvation period (Thor 2003; Tiselius 
1998), a refeeding period of 6 days was simply not sufficient for P. littoralis to accomplish full 
recovery and additional storage accumulation.   
The lack of FA build-up, however, does not imply a reduced activity or FA turnover in the lipid 
pools, i.e. new FAs replacing older ones and thereby altering the FA composition. In particular, 
FA turnover is thought to vary with life stage, but also depends on food availability and water 
temperature (Brett et al. 2009). When copepods were offered a high quality diet, the divergence 
of their storage FA composition from the post-starvation one, was driven by temperature 
through its effect on the copepods’ assimilation. In particular, assimilation of high quality food 
(dietary FAs) peaked at 15 °C, and accordingly coincided with the strongest alterations in 
storage FA composition. On a low quality diet, changes in storage FA composition were driven by 
both temperature and continued food stress, manifested as a high variability in storage FA 
composition among replicate units (herein ‘intra-specific variability’), especially under heat 
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stress. The link between the pools of storage and membrane FAs and their different function in 
the copepod, may explain these observations. In particular, the membrane FA composition is 
usually rather stable, given reasonably constant environmental conditions and diet, as 
membrane FAs play a major role in maintaining the structure and function of cellular 
biomembranes (Tocher 2003). In particular, DHA (32%), EPA (29%), 16:0 (15%) and 18:0 (5%) 
(see also Albers et al. 1996), dominated the membranes of field-collected P. littoralis specimens. 
In contrast, a stable FA composition is less of a requirement for the reserves and consequently, 
the storages may act as FA providers for the synthesis of membrane phospholipids (Bergé and 
Barnathan 2005; Desvilettes et al. 1997) or provide replacer FAs for membrane remodeling 
(Girón-Calle et al. 1997). Restructuring the lipid composition of biological membranes in 
response to changing temperatures is a major strategy by which ectotherms maintain vital 
physiological functions of membranes (Martin-Creuzburg et al. 2012).   
Therefore, the high intra-specific variability in FA composition can be interpreted as a 
biochemical indicator of environmental stress, appearing first at the level of the storage FAs, and 
when the latter is depleted, at the level of membrane FAs. When copepods were exposed to the 
combined impact of low food quality and heat exposure, their storage FA pool lost their 
buffering role which resulted in increased intra-specific variability in membrane FA 
composition. Possibly, this induced copepod mortality.  
6.5.3. Membrane FAs 
Strikingly, the copepods did not recuperate at the level of their membrane FA content to any 
extent, despite a famine-induced reduction of 40%. Moreover, a further decline was observed 
during the refeeding period. EPA and DHA are important compounds of phospholipids, which in 
turn, constitute the main building blocks of membranes (Kidd 2007). Consequently, shortage of 
dietary EFAs may have prevented the synthesis of new membrane, despite the capability of the 
copepod for EPA and DHA synthesis (see section 6.5.4).   
The increased DHA/ EPA ratio in the membranes of food-deprived copepods, may be the result 
of preferential retention of DHA (see also Werbrouck et al. 2016a) and/ or the need to 
metabolize EPA. Although both are considered EFAs, their essentiality may result from different 
physiological roles. In particular, EPA acts as a precursor of eicosanoids, a group of biologically 
active molecules, serving as messengers in the central nervous system and acting as signaling 
molecules to control inflammation and immunity (Arts and Kohler 2009). Possibly, DHA has 
rather a structural role as it appeared responsible for the initiation of the visual signal by 
providing the optimal physical membrane environment (Hulbert et al. 2014). Moreover, DHA 
catabolism requires peroxisomal and mitochondrial β-oxidation while EPA can be readily β-
CHAPTER 6 
138 
 
oxidized as appeared from rats (Madsen et al. 1999). During the refeeding process, the 
DHA/ EPA ratio appeared very responsive to temperature and diet. Maximum environmental 
stress, evoked by heat and low quality food, induced the highest DHA/ EPA ratio (1.9±0.2) in the 
copepod’s membranes, almost double compared with the ratio in field-collected copepods 
(1.1±0.1).   
The lack of membrane FA recovery, despite the available dietary EFAs in T. weissflogii, was more 
peculiar and the resulting scenario appeared little better as the post-starvation levels were 
maintained, except under heat stress. Potentially, a longer refeeding period on high quality food 
would have allowed to increase the membrane FA content. Regardless of the diet, the membrane 
FA content was strongly reduced at 24 °C (see also Werbrouck et al. 2016b) and might be the 
result of thermal (oxidative) stress (see section 6.5.4).  
6.5.4. Capability for FA conversion 
The harpacticoid was capable of ARA, EPA and DHA synthesis through conversion of dietary 
precursors and this activity was clearly temperature-driven, with the strongest dependency 
observed for ARA followed by DHA and EPA. Renault et al. (2002) suggested that during 
recovery, the resynthesis rates of all metabolites increase with temperature. The primary 
incorporation site of synthesized EFAs were the membranes, as reflected by the increased 13C 
enrichment, and only to a limited extent the storage lipids. This illustrates that EFAs function 
exclusively at the level of the cell membranes (Kidd 2007). Although occurring in smaller 
amounts, ARA may be an equally important FA as it also operates as a precursor for eicosanoids. 
In particular, ARA and EPA act in concert by controlling the opposite physiological responses, 
evoking inflammatory and rather anti-inflammatory effects (Arts and Kohler 2009; Parrish 
2009). Although eicosanoids are normal physiological products, extreme stress may trigger 
elevated eicosanoid biosynthesis (Arts and Kohler 2009). Therefore, heat stress may have driven 
the increased synthesis of their precursors, ARA and EPA in the appropriate proportions.  
Most animals can biosynthesize saturated FAs and the common mono-unsaturated FAs de novo 
(Arts et al. 2001). The synthesis of unsaturated FAs usually starts with the insertion of the first 
double bond near the middle of the molecule in all organisms. Plants normally introduce a 
second double bond between the existing position and the terminal methyl group, while animals 
insert double bonds between an existing double bond and the carboxyl end of the molecule 
(Parrish 2009), and therefore synthesize fewer and simpler FAs (Iverson 2009). This restricted 
biochemical capability, combined with the requirement for FAs with the first double bond in the 
ω3 or ω6 position for optimal functioning, lies at the basis of the essentiality of ω3 and ω6 FAs 
(Parrish 2009). The extent to which a given species can convert one ω3 FA to another, or one ω6 
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FA to another, leads to degrees of essentiality (Parrish 2009). Animals can elongate both 
endogenously and exogenously produced FAs to some extent, but this is generally limited, and 
both the de novo biosynthesis and FA modification (elongation – desaturation) are inhibited by 
diets containing adequate or excess lipid, and long-chain PUFA (Iverson 2009). Reflecting its 
economic importance, most FA research dealt with fish/ shellfish and fewer studies have 
focused on other invertebrates (Arts et al. 2001). In contrast to freshwater ecosystems, where 
several fish species are able to synthesize longer-chain PUFA through a series of elongations and 
desaturations (Tocher 2003), marine fish seem to require preformed HUFA (Sargent et al. 1993). 
Consequently, organisms occupying the lower trophic levels in marine ecosystems are assigned 
a pivotal role as HUFA providers. EPA and DHA are very abundant in the marine environment, 
originating mainly from diatoms and flagellates, respectively, whence they are transmitted intact 
via zooplankton to fish (Tocher 2003).   
The paradox of increasing EFA synthesis with temperature, yet decreasing EFA concentrations 
in both lipid pools, can be explained by heat-induced oxidative stress. In particular, increased 
EFA synthesis and incorporation into the membranes can be interpreted as an attempt to 
replace damaged HUFA and guarantee continued membrane function. Turnover processes of de- 
and reacylation, with respect to both head groups and fatty acyl chains of phospholipids, are 
important in the organism’s adaptation to environmental changes (Tocher 2003). Heat stress 
may induce oxidative stress in marine organisms, which is reflected by the production and 
accumulation of reactive oxygen species (ROS) (Lesser 2006). Although essential for membrane 
function, PUFA are very susceptible to attack by ROS (Mazière et al. 1999) and the resulting 
oxidative damage to PUFA in membrane phospholipids can have serious consequences for cell 
membrane structure and fluidity, with potential pathological effects on cells and tissues (Tocher 
2003). Oxidative stress, associated with heat exposure, was likely the driver of increased EFA 
synthesis and incorporation into the membranes, as an attempt to replace damaged HUFA and 
guarantee continued membrane function. Furthermore, the presence of oxidative stress in the 
high temperature treatments was suggested by the loss of the copepods’ red pigmentation (pers. 
obs.). Astaxanthin, a powerful antioxidant among carotenoids, may protect copepods from 
different sources of oxidative stress (McNulty et al. 2008; Schneider et al. 2016). This 
antioxidant can be esterified with storage FAs and accordingly, free astaxanthin can be 
incorporated in cell membranes where it efficiently reduces lipid peroxidation, while preserving 
membrane structure (Schneider et al. 2016). Despite the initial presence of potential 
antioxidants, high copepod survival was not maintained under heat exposure. 
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6.5.5. Ecological implications 
Previous work reported the relative increase of EPA in the membranes of cold-exposed 
invertebrates (Hall et al. 2002; Schlechtriem et al. 2006) and the accumulation of EPA and DHA 
in cold-exposed and winter-active ectotherms has led to the suggestion of their important 
structural or functional role in cold acclimation or adaptation (Farkas et al. 1979; Martin-
Creuzburg et al. 2012). Also the harpacticoid P. littoralis increased its relative EPA concentration 
with approximately 4% at 4 °C compared to 24 °C, regardless of the diet. Furthermore, the 
synthesis of EPA seemed to prevail over DHA under cold conditions. A priori, EPA requirement, 
and thus synthesis, was expected to be highest after cold exposure, however, synthesis increased 
with rising temperature. Although EPA potentially plays an important structural or functional 
role in cold acclimatization, our results suggest that part of the previously reported cold-induced 
EPA accumulation could be attributed to the reduced turnover rates at low temperature. 
Moreover, increased functional activity, for example EPA acting as a precursor for eicosanoids 
(Arts and Kohler 2009), would imply its disappearance from the membranes, rather than its 
retention.   
In conclusion, the harpacticoid P. littoralis was capable of synthesizing ARA, EPA and DHA from 
dietary precursors under the three temperature regimes, yet no increase in their respective 
concentration was observed. The detritus-rich and therefore, EFA-limited environments, 
typically inhabited by harpacticoid copepods have been linked with their capability for EFA 
synthesis (Anderson and Pond 2000). In view of their EFA-depleted diet, it is plausible that 
evolutionary pressures have led to harpacticoid copepods developing the capability to 
synthesize these EFAs (Bell et al. 2007). However, the temperate, epibenthic harpacticoid 
P. littoralis populates a very productive intertidal mudflat, with chla estimates ranging annually 
from 18 to 229 mg m-² (Sahan et al. 2007). Moreover, the biochemical pathways that animals are 
capable of performing are not necessarily the same as their propensity for using them (Iverson 
2009). The lack of substantial EFA accumulation, combined with the increased mortality 
suggests that ARA, EPA and DHA are still essential dietary compounds for this harpacticoid 
copepod, at least for a post-starvation period of 6 days. Therefore, it remains doubtful whether 
P. littoralis specimens will be able to adapt to the impacts of global warming. Their capability for 
essential FA synthesis may compensate for the reduced dietary supply of essential FAs, as 
predicted under global warming (Hixson and Arts 2016). However, whether this will meet the 
increased physiological need for these essential compounds at higher temperature, remains 
unanswered. 
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6.7. Appendix 
Table 6.3: FA composition (% ± 1 SD) of D. tertiolecta and T. weissflogii. — , not detected. 
  % of total FA weight 
 
D. tertiolecta T. weissflogii 
14:0 0.4±0.03 13.2±1.5 
14:1ω5 — 0.2±0.05 
i-15:0 0.2±0.04 0.3±0.02 
a-15:0 — 0.03±0.01 
15:0 — 0.9±0.1 
16:0 20.4±0.4 12.5±0.5 
16:1ω5 — 1.1±0.1 
16:1ω7 0.3±0.03 9.5±0.6 
16:1ω9 1.5±0.1 0.7±0.05 
16:2 — 6.5±0.3 
16:2ω6 1.9±0.1 0.2±0.01 
16:3 3.1±0.1 — 
16:3ω4 — 17.9±0.9 
16:4 10.9±0.7 — 
18:0 1.6±0.2 1.0±0.1 
18:1ω7c 5.2±0.2 1.6±0.1 
18:1ω9c 2.9±0.02 0.3±0.1 
18:2ω6c 7.9±0.3 0.8±0.1 
18:3ω3 41.2±1.6 — 
18:3ω6 2.2±0.1 0.4±0.05 
18:4 — 0.9±0.04 
18:4ω3 0.4±0.03 1.5±0.1 
20:4ω6 (ARA) — 1.0±0.1 
20:5ω3 (EPA) — 23.3±1.0 
22:6ω3 (DHA) — 5.7±0.6 
24:0 — 0.5±0.02 
total FA 36.7±1.1 38.6±2.3 
      (µg mg dry wt-1)   
  
 
 
7 
General discussion 
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Ecosystem trophic dynamics refer to all changes during transfer of energy from one part of the 
ecosystem to another (Lindeman 1942). This flow of energy is not only determined by food 
quantity but also by food quality, a finding that became increasingly apparent at the plant-
animal interface (Müller-Navarra 2008). Major food quality determinants are the essential fatty 
acids (EFAs), ARA (20:4ω6), EPA (20:5ω3) and DHA (22:6ω3), which enhance consumer’s 
health (Shields et al. 1999), trophic coupling (Müller-Navarra et al. 2004), and ultimately, proper 
ecosystem functioning (Litzow et al. 2006; Parrish 2013).  
As first-level consumers, copepods have direct access to a diverse range of algal FAs and are 
capable of ‘repacking’ these algal FAs considerably, with the potential of altering the transfer of 
FAs to higher trophic levels. Substantial FA modification by copepods may have cascading effects 
to higher trophic levels, including the fish that ends up in the basket of human consumers. 
Therefore, it is of high ecological interest to unravel the underlying biochemical processes in 
copepods, and in particular how these are affected by the food and thermal environments. 
Moreover, knowledge on the copepods’ ‘FA-repackage potential’ is especially valuable in light of 
the current environmental challenges which may impede the trophic transfer of FAs, and thus 
energy flow, in aquatic ecosystems. In this perspective, organisms that are able to deal with a 
modified food supply are expected to be the most successful in changing environments.  
The FA dynamics of benthic copepods (order Harpacticoida) and the environmental factors 
driving these fluctuations remain yet to be explored. This contrasts with the abundance of 
harpacticoid copepods in meiobenthic communities, usually only outnumbered by nematodes 
(Hicks and Coull 1983), their importance as prey for juvenile fish (De Troch et al. 1998), and 
thus, significance as energy conveyors at the basis of marine benthic food webs. 
Therefore, the two overarching objectives of this PhD research were (1) to compare the lipid 
(FA) characteristics of harpacticoids from contrasting environments (polar versus 
temperate) and (2) to investigate specific FA mechanisms, i.e. FA utilization and retention, 
accumulation and modification, that shape the FA profile of a temperate harpacticoid 
copepod (Platychelipus littoralis) and possibly allow for successful exploitation of its 
habitat. 
Primary production varies globally, shaping the evolution of different life-strategies in 
zooplankton across a latitudinal scale (Kattner et al. 2007). This possibly applies to harpacticoid 
copepods as well, inhabiting the benthos worldwide and coping with the seasonality of their 
resources. As earlier demonstrated for zooplankton (Albers et al. 1996; Lee et al. 2006; Swadling 
et al. 2000), one may hypothesize that distinct FA mechanisms underpin different strategies in 
harpacticoid copepods. Therefore, as a first objective, this doctoral thesis studied lipid (FA) 
dynamics in harpacticoid copepod species inhabiting contrasting environments i.e. temperate 
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and polar ecosystems. In section 7.1 of this general discussion, lipid characteristics and FA 
signatures will be compared and interpreted in a broader ecological context.  
The second objective was to closely examine the specific FA mechanisms which allow 
harpacticoid copepods to cope with nutritional stress. These included the depletion of storage 
FAs when deprived of food (chapter 5), but also the copepods’ capability for FA recovery 
consuming low and high quality food, and their potential for FA conversion (chapter 6).  
The plethora of diet-temperature treatments from chapters 4, 5 and 6, offers the opportunity to 
integrate the FA dynamics of the harpacticoid copepod Platychelipus littoralis across a stress 
gradient. The copepods experienced no (or minor) stress with mixed – mono diatom diets 
(chapter 4), followed by the recovery on high and low quality diets (chapter 6), with the most 
extreme stress caused by food deprivation (chapter 5). Section 7.2 of the general discussion will 
identify general FA patterns in both structural and storage FA pools that reflect the response to a 
stress gradient, resulting from the combined impact of food-temperature treatments. FAs will be 
evaluated as biochemical indicators of stress informing on the structural competency 
(membrane FAs) and nutritional status (storage FAs) of the copepods. Subsequently, these FA 
responses will be interpreted in the bioenergetic framework proposed by Sokolova et al. (2012), 
in order to link FA dynamics with other aspects of metabolism and energy balance.  
7.1. Lipid characteristics and FA signatures from polar 
and temperate environments 
7.1.1. Lipids - adaptation in the pelagic environment 
The world’s oceans are characterized by different water masses, varying in (a)biotic factors, 
pelagic fronts and current systems (Hagen and Auel 2001). As phytoplankton growth is 
determined by light, nutrients and stratification, also pelagic primary production varies on a 
global scale. (Sub)tropical systems, apart from the major upwelling systems, are associated with 
low nutrient concentrations and thus relatively low primary production rates, constant 
throughout the year and rather devoid of large blooms (Dalsgaard et al. 2003; Lee et al. 2006). In 
contrast, seasonality is characteristic for temperate regions, upwelling areas, and partially the 
deep sea, but is most pronounced in the ice-covered high latitudes (Hagen and Auel 2001; 
Kattner et al. 2007). Polar oceans are characterized by the presence of winter ice-cover, 
seasonally marginal ice-zones, ice-algae and a relatively short spring/ summer production 
period (Lee et al. 2006). The overall annual primary production of polar oceans is considered 
low (<20 g C m-2 year-1) (Kattner and Hagen 2009) with phytoplankton growth restricted to only 
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a few months (von Bodungen et al. 1986). Nonetheless, polar oceans are able to sustain short 
food chains containing lipid-rich species from zooplankton to fish, seals and whales (Kattner and 
Hagen 2009). In particular, the conversion of lipid-poor phytoplankton into huge lipid deposits 
by zooplankton signifies a major specialization in polar bioproduction (Kattner et al. 2007). 
Region-specific differences in polar spring/ summer production, however, exist. Coastal primary 
production along the western Antarctic Península (WAP) typically shows strong spring-summer 
algal blooms (745 mg C m-2 d-1; > 20 mg Chla m-3) (Vernet et al. 2008), while phytoplankton 
production at the study site (Potter Cove, South Shetland Islands) is usually low (236 mg C m-2 d-
1; rarely > 3 mg Chla m-3) (Schloss et al. 2012), but exceptions have been reported 
(> 20 mg Chla m-3 in Jan 2010) (Schloss et al. 2014). Phytoplankton production in temperate 
regions is not as limited compared to polar ecosystems, due to the less seasonal light regime 
(Kattner and Hagen 2009) and typically consists of a spring diatom bloom, followed by an 
autumn bloom composed of dinoflagellates (Dalsgaard et al. 2003). Consequently, higher annual 
primary production estimates are reported, with for the second site of interest, the 
Westerschelde estuary, annual phytoplanktonic and microphytobenthic production estimates of 
190 g C m-2 and 136 g C m-2 and mean chla values of 9.8 mg m-3 and 113 mg m-2, respectively 
(Underwood and Kromkamp 1999).  
First-level consumers, including herbivorous and omnivorous copepods, are thus challenged to 
accommodate their energy expenditure over the year with seasonal input (Norrbin et al. 1990).  
It is now widely recognized that seasonality in food supply is an important factor determining 
the life-history traits of calanoid copepod species (order Calanoida), being the predominant 
copepods in the pelagic environment (Kattner and Hagen 2009). In fact, particular biochemical 
adaptations, i.e. the lipid characteristics, underpin their life-history traits (Dalsgaard et al. 2003; 
Kattner and Hagen 2009; Lee et al. 2006). Lipids contain about double the caloric density of 
proteins and carbohydrates, and thus provide a compact source of energy (Kattner and Hagen 
2009) for metabolic maintenance during food-scarce periods, and for reproductive processes 
before the onset of the spring phytoplankton bloom (Swadling et al. 2000). Consequently, 
screening species for their lipid utilization and storage offers important insights on their life-
histories and reproductive strategies (Norrbin et al. 1990). Whether benthic copepods (order 
Harpacticoida) evolved similar biochemical adaptations in response to their pulsed food 
environment is still obscure, and formed one of the main research objectives in this doctoral 
thesis. Therefore, harpacticoid species inhabiting temperate (Westerschelde estuary, the 
Netherlands) and polar (Potter Cove and Península, King George Island) coastal environments, 
differing in their degree of seasonally-pulsed food supply, were the study organisms of interest. 
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7.1.2. Lipids - adaptation in the benthic environment? 
Storage FA content 
Storage lipids play an important role during food scarcity but also during critical life-cycle 
phases such as reproduction (gonado- and oogenesis), early development and diapause, as 
documented for zooplankton in various oceanic regimes (Kattner et al. 2007; Lee et al. 2006). 
Polar ocean zooplankton, mainly calanoid copepods and krill, seasonally accumulate enormous 
lipid deposits which cover the maintenance energy during periods of low food availability and 
they fuel reproductive processes before the onset of the spring phytoplankton bloom (Kattner 
and Hagen 2009; Swadling et al. 2000). In contrast, mid-latitude, small copepods including 
Acartia sp. grow rapidly during high food periods but excess food is not converted into large 
lipid stores. Therefore, reproductive effort is directly dependent on food availability and is not 
buffered by lipid reserves (Kattner and Hagen 2009). Indeed, the storage FA content of A. clausi 
copepods (12±4 ng FA/ µg C) collected in May from a Swedish fjord, ranged among the lowest 
values observed in this thesis. Nonetheless, A. clausi specimens took advantage of the ad libitum 
food condition during the experiment and increased their reserves with a factor 10, 
approximately. As an alternative strategy, some Acartia species (e.g. Acartia tonsa) produce 
resting eggs during low food periods (Lee et al. 2006) or adopt an omnivorous feeding strategy 
in winter (e.g. A. clausi) (Båmstedt et al. 1990).  
Rather unexpected were the similar storage levels in the polar harpacticoids A. potter 
(168±42 ng FA/ µg C) and Harpacticus sp. (53±16 ng FA/ µg C) compared with the temperate 
copepod P. littoralis, i.e. 28±6 ng FA/ µg C (Nov) to 234±20 ng FA/ µg C (May). The lack of 
increased storage levels, as observed in high-latitude herbivorous calanoids (Lee et al. 2006), 
may be partly due to the timing of sampling (summer). The A. potter population was in a period 
of rapid growth and development, as we recorded juvenile specimens and their molts (stages CII, 
CIII and CIV). Possibly, energy intake was diverted to somatic growth rather than to storage 
depot (Kattner et al. 1994; Swadling et al. 2000). In calanoid copepods, lipid accumulation 
occurs mainly in the older stages (Kattner et al. 1994). Rapid development towards sexually-
mature specimens, suggested by the presence of pre-copulatory clasping pairs, seemed priority 
in summer. Investment in somatic growth (cell growth) was further supported by the membrane 
FA content (144±25 ng FA/ µg C), which, in contrast to the storage levels, exceeded the levels 
observed in P. littoralis with a maximum of 82±13 ng FA/ µg C (Feb) in the latter. The relatively 
high membrane FA content (106±6 ng FA/ µg C) in the polar Harpacticus population was almost 
double of its storage levels and possibly reflected a further stage of reproductive investment as 
numerous ovigerous females were present during sampling. This contrasts with the temperate 
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harpacticoid, where levels of both membrane (82±5 ng FA/ µg C) and storage (355±8 ng FA/ 
µg C) lipids were high in ovigerous females. 
The numerous red droplets of A. potter were a remarkable feature (Figure 7.1) and similar lipid 
accumulations have been reported in harpacticoid copepods, in relation to diapause. 
Observations included ‘orange lipid’ observed in a subtropical, sandflat-inhabiting species 
(Heteropsyllus nunni, Williams and Biesiot 2004) and a lake-inhabiting species (Canthocamptus 
staphylinus, Sarvala 1979), and the numerous small oil droplets in an ice-dwelling copepod 
(Drescheriella sp., Dahms et al. 1990). The diapause stages in these species are diverse including 
sexually-immature adults in self-made cysts (H. nunni), encysted adult females (C. staphylinus), 
or almost motionless CIV/ CV copepodites (Drescheriella sp.). Despite the red droplets, diapause 
has not been reported for A. potter and its year-round occurrence in the water column and 
maximum abundance under the sea-ice in winter (Veit-Köhler and Fuentes 2007) indicates that 
diapause unlikely occurs.  
Considering its close association with the sea-ice in winter (Veit-Köhler and Fuentes 2007), 
A. potter thus possibly exploits the diverse assemblages of bacteria, algae and protists that are 
part of the sea-ice ecosystem. The sea-ice matrix is dominated by strong gradients in 
temperature, salinity, nutrients and UV and visible radiation (Arrigo and Thomas 2004). The low 
irradiances, low temperatures and high salinities found within sea-ice enhance PUFA production 
in ice-algae. The conditions that stimulate PUFA production are most extreme in winter, and 
organisms grazing within winter sea-ice have access to a PUFA-rich and thus, high quality diet 
(Thomas and Dieckmann 2002). Although rates of primary production by ice-algae are generally 
low compared to phytoplankton, their importance should not be underestimated as their high 
nutritional value potentially maintains the grazers’ fitness, awaiting more favorable feeding 
conditions upon ice melt in spring (Arrigo and Thomas 2004). Higher PUFA levels were found in 
the membranes of the polar species A. potter and Harpacticus sp. (105±20 ng/ µg C and 
79±4 ng/ µg C) compared to the temperate copepod (10 to 55 ng/ µg C). However, these 
differences were not observed at the level of the storage and total FA pool. Phospholipids seem 
not to exhibit adaptive mechanisms with respect to life-strategies of copepods, but rather reflect 
basic physiological requirements, assuring full membrane competency (Albers et al. 1996). 
Extremely cold environments require biomembranes of sufficient fluidity (Hazel and Williams 
1990), which can be established by high levels of PUFA (Albers et al. 1996). PUFA-rich ice-algae 
may thus provide polar consumers with the appropriate compounds to satisfy this physiological 
requirement. However, the extremely 13C depleted, natural δ13C composition of A. potter and the 
trace amounts of the diatom marker 16:1ω7 do not support an ice-algae derived origin of PUFA 
in this species. This contrasts with Harpacticus sp. where the natural δ13C composition and the 
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higher proportion of 16:1ω7, albeit only in the storage lipids, do not exclude previous ice-algae 
feeding. 
 
Figure 7.1: A. potter female collected in summer (Jan, 2014) from intertidal macroalgae at the Potter 
Península (Peñón Uno) (25 de Mayo/ King George Island, South Shetland Islands, WAP). Some orange 
spheres remain within the body, but most are outside due to compression with the cover slide  
Storage FA composition 
Not only the degree of storage accumulation, but also the composition affect the efficiency of 
energy storage. In particular, the presence of long-chain, monounsaturated fatty acids (LC-
MUFA; ≥ 20 C-atoms) and alcohols, originally described in herbivorous zooplankton, is another 
unique adaptation to a pulsed food environment (Dalsgaard et al. 2003; Kattner et al. 2007). In 
line with zooplankton, a higher diversity of LC-MUFA was observed in polar harpacticoids 
compared to temperate species (Figure 7.2).  
FAs in first-level consumers may have different biochemical origins (1) derived from the diet 
and incorporated unchanged, (2) synthesized de novo by the consumer and (3) modified from 
dietary FAs through elongation and desaturation. Whereas SFA can be derived from all three 
options, LC-MUFA can only be the result of (2) and (3) (Albers et al. 1996). The ecological 
rationale behind chain elongation is the increase in calorific value of FAs (Kattner and Hagen 
1995). LC-MUFA are thus considered zooplankton-specific markers and have been successfully 
applied to reveal dietary relationships (Dalsgaard et al. 2003). They have been first described in 
association with wax esters (WE), which allow herbivorous zooplankton to spend long periods 
of food scarcity in a resting stage. The prime example of this storage strategy in the Antarctic is 
the copepod Calanoides acutus who synthesizes large amounts of 20:1ω9 and 22:1ω11 as WEs in 
order to overwinter as a resting stage at large depth (Kattner et al. 1994). Another strategy is the 
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association of LC-MUFA with triacylglycerols (TAGs), as in the Antarctic copepod Calanus 
propinquus. This species remains active throughout the year by switching from phytoplankton 
grazing in summer to a more opportunistic feeding behavior in winter (Kattner et al. 1994, 
2007). This dietary flexibility, however, cannot fully compensate for the lack of phytoplankton in 
winter and consequently C. propinquus adopted a rather unique and more efficient FA synthesis 
compared to C. acutus i.e. the synthesis of 22:1ω9 rather than 20:1ω9 (Kattner et al. 1994, 
2007). 
In this light, the ω7/9 LC-MUFA observed in polar harpacticoids, although only in trace amounts, 
appeared an interesting finding (Figure 7.2). The most universal pathway for the formation of 
MUFA, which most organisms are capable of, is the introduction of the double bond between 
carbon 9 and 10 by a Δ9 desaturase forming 16:1ω7, 18:1ω9 and 20:1ω11 (Dalsgaard et al. 
2003). These basic patterns of FA biosynthesis and modification leave enough flexibility for 
different species to select specific pathways that best suit their metabolic requirements (Kattner 
and Hagen 1995). Furthermore, as indicated in this doctoral thesis, these pathways may be 
fuelled by dietary precursor FAs, i.e. 16:1ω7 from diatoms and 18:1ω9 from flagellates as 
starting points for ω7 and ω9 LC-MUFA, respectively, and consequently, reflecting the 
harpacticoids’ trophic niche. Hagen et al. (1995) reported that chain elongation of 16:1ω7 seems 
of minor importance in calanoid copepods since its resulting ω7 isomers with longer chains 
(≥18 C-atoms) are rarely detected. Our findings, however, indicated that the ω7 LC-MUFA 
pathway possibly could be of greater importance for polar harpacticoid copepods (e.g. 
Harpacticus sp.). As the amount of energy per FA molecule mainly depends on chain length 
(Hulbert et al. 2014), we may assume that both ω7/9 pathways offer the same potential for 
energy storage. 
In summary, Antarctic harpacticoids did not feature elevated storage levels compared to the 
seasonal range observed in the temperate, benthic harpacticoid. The higher diversity of ω7/9 
LC-MUFA was more remarkable, although the concentrations were rather trace amounts 
compared to the levels reported for herbivorous calanoid copepods. This gives a first indication 
that pronounced storage accumulation and LC-MUFA synthesis are less required for Antarctic 
benthos as previously reported for polar zooplankton. However, this conclusion comes with two 
remarks.  
First, the timing of screening should be considered as the harpacticoid populations were in full 
growth (A. potter) or at the end of their reproductive investment (Harpacticus sp.). 
Consequently, dietary energy was likely directed to somatic growth or the development of egg 
sacs, rather than storage accumulation. Extending this summer snapshot with additional 
screenings is therefore necessary to obtain the full seasonal range of storage and membrane 
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dynamics, and may reveal trophic flexibility, i.e. a dietary shift upon disappearance of the sea-ice. 
Moreover, stage-specific FA screenings would elucidate on potential ontogenetic changes in lipid 
composition or resource utilization.  
Second, harpacticoid copepods may experience the food supply in the Antarctic environment 
less pulsed compared to polar zooplankton. Polar oceans harbor a unique ‘upside-down’ benthic 
habitat, the sea-ice, where ice-algae prolong the foraging season (Arndt and Swadling 2006; 
Atkinson et al. 2004; Dahms et al. 1990). Utilization of the sea-ice habitat by A. potter is 
presumably limited to scraping off particles at the ice-water interface in winter, rather than 
inhabiting the interstitial space of the ice, as indicated by its scutelliform, i.e. dorso-ventrally 
depressed, body (Higgins and Thiel 1988). Consequently, exploitation of multiple habitats with 
their resources possibly limits food scarcity in this extreme environment. Moreover, compared 
to the Arctic, phytoplankton production is lower but longer in the Antarctic and likely stimulated 
the development of a mixture of crustacean species with distinct storage mechanisms, indicative 
of diverse life-history strategies (Kattner et al. 2007). 
 
Figure 7.2: Biochemical pathways of LC-MUFA (≥ 20 C-atoms), de novo synthesized or modified from 
dietary precursor FAs. Antarctic harpacticoids include pooled endobenthic species, Harpacticus sp. and 
Alteutha sp., while P. littoralis represents a temperate harpacticoid copepod (Westerschelde estuary, the 
Netherlands).  
Full and dashed arrows suggest dominant and inferior LC-MUFA pathways, respectively, as indicated by 
the relative concentration in the species. Modified from Dalsgaard et al. (2003) 
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7.2. FAs – indicators of membrane competency and 
nutritional status 
7.2.1. Membrane competency 
Membranes provide a matrix for crucial bioenergetic and synthetic processes, where both the 
protein and lipid components are adjusted according to environmental conditions and may 
differ among species, cell types and organelles (Martin et al. 2014). In this doctoral thesis, the 
membrane FA content and composition of whole-body P. littoralis copepods were investigated 
under several environmental conditions, i.e. diet-temperature treatments that formed a stress 
gradient. FAs 16:0, 18:0, 16:1ω7, 18:1ω7/9, EPA and DHA were identified as the prime 
contributors to the overall membrane FA composition (85 to 94%) throughout most of the year 
as appeared from field samples taken in Feb, May, Nov (T0 samples from chapters 4, 5 and 6, 
respectively) and a separate screening in Aug (2013). The dominant membrane FAs were the 
essential ω3 FAs, EPA and DHA, comprising each minimum 20% of the membrane FA pool. 
Generally, DHA was slightly more abundant, except in Feb and Aug where the levels appeared 
rather equal. The proportions of the dominating membrane FAs were relatively stable, except in 
Aug where the proportion of SFA (16:0; 18:0) was approximately one third higher at the 
expense of the EPA and DHA proportions.   
In the next section, alterations in DHA/ EPA ratio will be investigated in order to gain insight in 
their ‘degree of essentiality’ for P. littoralis across different levels of stress. Subsequently, trends 
in the overall membrane FA composition and content will be discussed. 
DHA versus EPA – contrasting essentiality 
The ‘essentiality’ of a dietary compound for an organism is determined by two criteria. The first 
is that the animal is incapable of (sufficient) de novo synthesis of the component or modification 
from dietary precursors, the latter determined by the presence and functionality of the 
appropriate enzymes. The second is that the component is essential for normal function of the 
animal (Hulbert et al. 2014; Müller-Navarra 2008). More specifically, particular FAs can be a 
source of lipid signaling molecules or provide specific physical properties to the membrane. EPA 
should be considered in the first category (Arts and Kohler 2009), while DHA rather belongs to 
the second (Hulbert et al. 2014). The effects of DHA in membranes are multifaceted and 
complex. DHA does not only affect the physical properties of the membrane through alterations 
in phase behavior, fluidity, permeability, fusion etc., but also interacts with membrane proteins 
and influences their activity (Stillwell and Wassall 2003). This, in turn, regulates cellular 
metabolic activity (Hulbert et al. 2014). Additionally, DHA closely interacts with cholesterol with 
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resulting effects on membrane structure and function, and DHA is thought to be involved in the 
formation of microdomains. These localized lipid patches would provide an environment crucial 
for the function of specific proteins (Stillwell and Wassall 2003). 
The crucial involvement of DHA in all these vital processes may explain the increasing DHA/ EPA 
ratio along a stress gradient, emerging as one of the major trends in this doctoral thesis (Figure 
7.3). In particular, EPA was more prone to disappear from the membranes compared to DHA. 
Despite substantial variation, the experimental DHA/ EPA ratios from the three merged 
experiments (color-coded) followed the stress gradient with slight increases in mortality, 
although this appeared merely as a trend. Only the most extreme treatment, in which copepods 
were starved for 14 days at 24 °C (‘elevated temperature’ herein), resulted in a mass mortality 
event (only 56% survival) and its associated DHA/ EPA ratio emerged as an outlier. 
The experimental DHA/ EPA ratios were affected by both temperature and diet, which together 
imposed stress on the copepods. Within each diet, a separation of the three temperature 
treatments could be observed. This separation was less strict when food stress was minor (e.g. 
the mixed diatom diets), but became more distinct with food stress, resulting in the strongest 
separation under famine. In turn, DHA/ EPA ratios observed for a particular temperature 
separated and ranked according to food stress, to some degree.  
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Membranes are in a state of dynamic equilibrium (Vereb et al. 2003) and this is the fundamental 
reason why membranes can respond very quickly to environmental change (Hulbert et al. 2014). 
FAs and the polar head group composition of phospholipids are controlled precisely in a way 
that the overall fluidity of the membrane is reached below body temperature (Vereb et al. 2003). 
This dynamic equilibrium involves de novo synthesis, remodeling by de- and re-acylation, 
intracellular transfer and degradation. Consequently, there may be substantial lipid turnover, 
e.g. >10% per hour for the major phospholipids (Girón-Calle et al. 1997). Storage FAs are an 
expendable FA pool, which can be used to maintain the structurally and functionally important 
phospholipids (Girón-Calle et al. 1997; Hulbert et al. 2014). In turn, dietary FAs supplement the 
storage FA pool (Dalsgaard et al. 2003; Lee et al. 2006). Consequently, remodeling of 
phospholipids may become impaired under conditions of food scarcity, disrupting membrane 
homeostasis and thus possibly resulting in increased DHA/ EPA ratios. Although this applies to 
each experimental temperature, impact of food deficits was exacerbated under elevated 
temperature (Figure 7.3). Lipid peroxidation, which typically augments with warming, due to 
increased formation of reactive oxygen species (ROS) in the mitochondria (Abele et al. 2002; 
Pörtner 2002), potentially explains the more pronounced alteration in DHA/ EPA ratio at 
elevated temperature. Although both EPA and DHA are vulnerable to lipid peroxidation, due to 
their numerous double bonds (Abele and Puntarulo 2004; Hulbert et al. 2014), disappearance of 
EPA from the membranes was more pronounced. Possibly, conservation of DHA in the 
membranes is prioritized at the expense of EPA, as DHA maintains the physical characteristics of 
particular domains against oxidative stress (Stillwell and Wassall 2003), and has been noticed 
for its conformational stability over a relatively wide temperature range (Glencross 2009). 
Although the conversion rates of EPA into DHA were not explicitly measured for P. littoralis, 
chapter 6 suggests that this biochemical pathway is active in this copepod species. Additionally, 
lack of dietary EPA under food stress may have impeded replacement of EPA in the membranes 
when metabolized for eicosanoid synthesis.  
The DHA/ EPA ratios observed in field-collected copepods were typically lower compared to the 
ones resulting from experimental manipulation (Figure 7.3). This indicates that P. littoralis 
copepods unlikely experience these levels of nutritional stress under natural conditions and that 
EPA is not a limiting compound in their natural diet. This seems to be confirmed by previous 
work where P. littoralis copepods were found to rely primarily on diatoms (Cnudde 2013), in 
which EPA is one of the dominating FAs, e.g. in the range 12 - 29% for the tested diatoms 
(Navicula sp., C. fusiformis, Nitzschia sp. and T. weissflogii) (chapters 4 and 6).   
Copepod survival remained surprisingly high and constant, despite the experimentally-induced 
shifts in DHA/ EPA ratios outside its natural range. An exception to this is the treatment in which 
copepods were deprived of food too long at elevated temperature (Figure 7.3) (chapter 5). This 
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treatment represented a ‘tipping point’ where an abrupt decline in DHA lowered the DHA/ EPA 
ratio and evoked mortality.   
An explanation for the high copepod survival under a varying DHA/ EPA ratio possibly lies in the 
compositional heterogeneity of membranes, which allows other membrane constituents to 
function as a buffer for variation in membrane FAs. Previous work showed that dietary FAs 
influence, but do not set the FA composition of phospholipids in mitochondrial membranes, in 
the sense that their incorporation into the several phospholipid classes was regulated differently 
(Martin et al. 2013, 2014). These regulated changes presumably maintained critical membrane 
characteristics despite a variable diet composition (Martin et al. 2014). Possibly the same 
applies to the reverse process, i.e. nutritional stress as investigated in this doctoral thesis. When 
exposed to nutritional stress DHA and EPA are possibly removed from the different 
phospholipid classes in a regulated way which minimizes the damaging impact of stress on 
membrane characteristics and function. Resolving the FA composition at the level of the 
different membrane constituents may provide more solid evidence for this regulatory process in 
P. littoralis (section 7.3). 
Altogether, DHA appeared of higher ‘essential value’ compared to EPA. Selective retention of 
DHA in the structural lipids of P. littoralis received priority at the expense of EPA when stress 
increased. The explanatory driver(s) or process(es) behind this trend remain to be identified but 
are likely related to the predominant structural role of DHA and the role of EPA as precursor for 
DHA and eicosanoids, the capacity and metabolic cost for EPA-DHA interconversion, and their 
availability in natural diets.  
In addition to the DHA/ EPA ratio, intra-specific variability in overall membrane FA composition 
emerged as an important response to stress. Potential physiological drivers will be discussed 
and the link with the storage FA pool will be illustrated in the next section. 
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Membrane FA intra-specific variability – dysfunctional membrane?  
The impact of stress was not only limited to altered DHA/ EPA ratios, but also emerged at a 
higher organizational level, i.e. the overall membrane FA composition. In particular, high 
variation among copepod replicate units (herein ‘intra-specific variability’) in membrane FA 
composition was observed under extreme stress. This was the case after 6 days of food 
deprivation (chapter 5) but also when copepods were refed with low quality food at elevated 
temperature (chapter 6).  
As previously described, membranes represent a dynamic equilibrium which involves 
elimination of damaged membrane FAs through remodeling, i.e. de- and re-acylation cycles 
(Hulbert et al. 2014; Nigam and Schewe 2000). Lipid peroxidation, induced by ROS species, 
seems an obligatory consequence of life in the presence of oxygen (Nigam and Schewe 2000), 
with mitochondria considered major cellular sources of ROS species (Abele and Puntarulo 2004; 
Pörtner 2002). Under normal, unstressed conditions lipid peroxidation is kept to a minimum 
due to the presence of antioxidants and antioxidant enzymes (Girón-Calle et al. 1997). Warming, 
however, stimulates both the metabolic rate and oxygen radical production in marine 
ectotherms, and thus possibly increases oxidative stress (Pörtner 2002). Furthermore, cooling 
or warming creates hypoxia, which, in turn, has been found to cause excess production of oxygen 
radicals (Pörtner 2002).  
Possibly, the high intra-specific variability in membrane FA composition under extreme stress 
reflected a mismatch between the demand for replacer FAs, possibly driven by lipid (FA) 
peroxidation, and the FA supply. The latter originate from de novo synthesis, or more efficiently, 
are mobilized from the storage FA pool (Girón-Calle et al. 1997).   
This doctoral thesis showed that stress initiated a cascading effect first in the storage, and later 
in the membrane FA composition, likely after exhaustion of the storage FA pool. In particular, 
exposure to moderate stress increased intra-specific variation in storage FA composition but left 
the membrane FAs unaltered, i.e. in copepods offered a mono diet at 24 °C (chapter 4). 
Exposure to extreme stress increased the intra-specific variability of both storage and 
membrane FA compositions i.e. copepods starved for 6 days at 24 °C (chapter 5) and refed on 
low quality food at 24 °C (chapter 6). Constitutive FA remodeling has a major role in protecting 
cell membranes from lipid peroxidation (Girón-Calle et al. 1997). Consequently, progressive 
impairment of this process, due to the lack of replacer FAs, likely resulted in dysfunctional 
membranes and induced copepod mortality. 
In summary, intra-specific variability suggested a link between storage and membrane FAs and 
suggested the strong reliance of harpacticoids on their storage FA pool under stress. Therefore, 
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both the DHA/ EPA ratio and the intra-specific variation in membrane and storage FAs inform 
on membrane competency and thus can be considered biochemical indicators of stress.  
Membrane FA content - aerobic capacity 
The membrane FA content in P. littoralis showed a recurrent, general response to the thermal 
environment and possibly reflected the regulation of aerobic capacity. Regardless whether 
copepods were offered diatoms, deprived of food or refed, membrane FA concentrations were 
always higher after cold- (4 °C) compared to warm-exposure (24 °C) (Figure 7.4).   
In this thesis, the membrane FA content was determined for entire organisms, and therefore 
reflected not only changes of the cytoplasmic membrane, but likely also from other cellular 
compounds including the mitochondria. These organelles are referred to as the ‘power house’ of 
the cell because they are responsible for the majority of the ATP production under aerobic 
conditions (Paumard et al. 2002). A mitochondrion is composed of two membranes of which the 
inner membrane is folded inward, thereby allowing a greater amount of membrane to be packed 
and thus increasing the capacity for ATP synthesis (Frey and Mannella 2000; Paumard et al. 
2002). Adjustments of mitochondrial densities and their functional properties allow for thermal 
adaptation and reflect the level of aerobic scope of the organism, i.e. its scope for growth 
(Pörtner 2002). In essence, hypoxia lies at the basis of an organism’s thermal sensitivity, and 
more specifically the shortcoming of ventilation and circulation systems in their O2 delivery 
(Pörtner 2002). This is the case under both cold- and warm-exposure but the underlying 
processes creating hypoxia are different, and so are the subsequent adaptations.  
Under cold conditions insufficient aerobic energy is produced by the mitochondria, which leads 
to a progressive failure of circulation and ventilation systems. However, enlarged mitochondrial 
capacity can be obtained by increasing mitochondrial densities and may provide the necessary 
metabolic power for recovery of ventilation and circulation systems (Guderley and St-Pierre 
2002; Pörtner 2002). The opposite response is observed under warm exposure. In particular, 
the O2 demand is not only related to the cellular energy requirements but also involves a 
‘baseline O2 demand’ caused by the mitochondria present and their functional properties (so-
called proton leak) (Abele et al. 2002; Pörtner 2002). Proton leakage is highly sensitive to 
warming and its O2 demand may transcend the ATP production at higher temperatures. A 
decreasing mitochondrial density may therefore evoke a reduction of baseline O2 demand, an 
increase in aerobic scope and thus an increased tolerance towards heat exposure (Pörtner 
2002).   
Alterations in subcellular compounds i.e. mitochondrial densities, may emerge as changes in 
bulk membrane FA content at the whole organism level as observed for P. littoralis (chapters 4, 
5 and 6). However, increasing the resolution of the FA analysis at the level of the organelles is 
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necessary to verify the importance of mitochondrial density adjustments for thermal adaptation 
of a temperate harpacticoid copepod (section 7.3). 
Under natural conditions, the variation in bulk membrane FA content (Figure 7.4) is not only 
the result of fluctuations in temperature, but also integrates the impacts of reproductive 
investments and fluctuations in available food sources, i.e. quantity and quality of dietary FAs. 
Laboratory manipulations always resulted in decreased membrane FA concentrations. The 
obtained lower range is, however, not unrealistic, given the low membrane FA content in 
summer-screened harpacticoids (August).  
The highest membrane FA content was observed in Feb and is possibly the consequence of 
reproductive investment considering the similar range in egg-carrying females (Figure 7.4) 
Supposedly, P. littoralis copepods synchronize development of their brood with the algal spring 
bloom, as previously suggested for other copepod species (Santer and Hansen 2006; Søreide et 
al. 2010; Swadling et al. 2000). 
7.2.2. Nutritional status 
Another research objective was to investigate the role of storage FAs, i.e. all FAs associated with 
neutral lipids, as energy reserves in harpacticoid copepods and thus, to evaluate their role as 
indicator of nutritional status. ‘Storage’ is a part of the organism’s energy budget and represents 
the surplus amount of assimilated energy, incorporated in the form of lipids, carbohydrates and/ 
or proteins (Sokolova et al. 2012). The range of storage FA concentrations observed in this 
doctoral thesis is summarized in Figure 7.4 and appeared very broad under natural conditions, 
from 50 ng FA per ind. to almost 700 ng FA per ind. This variation is most likely the result of a 
fluctuating food – temperature environment, as supported by the dynamic response of storage 
FAs to the different diet-temperature treatments.  
Storage FAs have been reported as fuel for metabolic maintenance (Weber 2011), as replacer 
FAs in phospholipid turnover (Girón-Calle et al. 1997), as fuel for reproduction (Santer and 
Hansen 2006; Søreide et al. 2010; Swadling et al. 2000) and as a means for buoyancy control 
(Pond et al. 2014). Research on storage FAs has focused on particular calanoid copepod species, 
characteristic for their high lipid content and prominent oil sac. The outcomes of this doctoral 
thesis now further illustrate their importance in harpacticoid copepods, although their 
appearance may be less spectacular. First, chapter 5 showed their relevance as providers of 
metabolic power in the absence of food, with the degree of storage FA depletion set by the 
temperature (4 and 15 °C), likely through its effect on the metabolic maintenance costs. 
Unexpectedly, depletion was restricted under elevated temperature (24 °C), possibly due to a 
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switch to partial anaerobiosis. 
Second, the storage FA pool seemed to function as a buffer by safeguarding membrane 
competency under nutritional stress. This was indirectly suggested by the temperature-
dependent mobilization of storage FAs (chapter 5), but also by the increased intra-specific 
variability in storage FA composition, which typically preceded increased membrane intra-
specific variability. The importance of storage FAs for reproduction has not been addressed in 
this thesis. However, a potential link emerged in chapter 4, where a depleted storage FA pool 
may have compromised the reproductive output. Under natural conditions, the highest 
abundances of P. littoralis adults are reported in June at the Paulina intertidal mudflat (Cnudde 
2013), likely the result of increased reproductive activity in Feb and the subsequent presence of 
high quantity and quality food (spring bloom). This is further subscribed by the high storage FA 
content in May, but more screening efforts are necessary to confirm this seasonal pattern. 
Altogether, these findings proved storage FAs to be an indicator of nutritional status and an 
important means for P. littoralis to cope with stress. However, two important nuances should be 
made.  
First, the storage FA content appeared ‘uncoupled’ with copepod survival. For example, 
chapter 5 showed that the lowest/ highest storage FA levels are not necessarily followed by the 
highest/ lowest mortality, respectively. Second, this thesis did not ‘capture’ the process of 
storage FA accumulation. Starved copepods did not recover their storage levels despite high 
quality food (chapter 6). Furthermore, copepods offered an ad libitum, diverse diatom diet 
under an optimal temperature (15 °C), did not enlarge their original field levels (chapter 4), 
even though calorific demands are thought to be lower under laboratory conditions, due to 
minimized food searching activities and predator avoidance (Twining et al. 2015). In this 
context, some critical reflections on the timing of the experiments and the experimental set-up 
should be made. P. littoralis copepods used in the feeding experiments (chapters 4, 5 and 6) 
were randomly collected across different seasons in the course of several years. These field-
collected specimens differed in their initial membrane and storage FA amounts (Figure 7.4) and 
thus likely in their physiological condition. Possibly, the storage FA content in Feb-collected 
copepods (chapter 4) approached already the upper part of its expandable range, limiting 
pronounced accumulation under the subsequent experimental conditions. On the other hand, 
copepods with initially low storage levels, as observed in Nov, may have been more vulnerable 
to food stress and thus, were unable to recover their storage levels within the experimental 
timeframe (chapter 6). At first sight, 3 days of famine at 15 °C impacted May- (chapter 5) and 
Nov- (chapter 6) collected copepods to a similar extent, based on the final storage FA content 
(Figure 7.4). However, damage caused by food absence can be more pervasive than reflected by 
the storage levels solely, and might have been more severe in Nov-collected copepods than 
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indicated by their storage levels. In addition to the timing of copepod collection, a suboptimal 
experimental setting may have limited the accumulation of storage FAs. In particular, the 
absence of a sediment matrix can be a crucial factor for the feeding behavior of an epibenthic 
species such as P. littoralis (Cnudde et al. 2012). Furthermore, it cannot be confirmed that their 
preferred food source was present in the mixed diatom diets (chapter 4). Although diatoms are 
the main contributors to the natural diet of P. littoralis, which appeared from the high 
prevalence of the diatom marker 16:1ω7 in all field-screenings, the copepod’s preference can be 
species-specific (Wyckmans et al. 2007). Finally, not only diatom identity, but also its 
biochemical quality (FA content and composition) may have deviated substantially from the 
optimal range. In particular, multiple factors including light regime, temperature and nutrient 
concentrations have the potential to affect the diatom’s lipid profile (Bermúdez et al. 2015; 
Diekmann et al. 2009; Guschina and Harwood 2009). 
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7.2.3. FA dynamics in a broader bioenergetic framework 
In the previous sections, general patterns in both structural (membrane) and storage FA pools 
were identified in response to stress. Alterations in membrane DHA/ EPA ratio, membrane 
intra-specific variability and FA content informed on membrane competency, while the storage 
FA content reflected the nutritional status, to a limited extent. The aim of this section is to 
integrate these FA responses into a broader energetic framework.  
To this purpose, the bioenergetic concept, proposed by Sokolova et al. (2012) for aquatic 
invertebrates, will be used (see also chapter 1). This framework is based on the premise that 
energy balance is a fundamental requirement of stress adaptation and tolerance (Sokolova and 
Lannig 2008). It integrates the physiological models of oxygen- and capacity-limited thermal 
tolerance of Pörtner (2010, 2012) with the fundamental tenets of energy allocation and trade-
offs developed in dynamic energy budget models (Kooijman 2010), and this for various stress 
levels (optimum, pejus and pessimum range) (Figure 7.5). According to Sokolova et al. (2012), 
metabolic adaptations in response to environmental stress may involve a flexible allocation of 
energy resources (‘compensation’ - pejus range) but also a switch between different metabolic 
processes responsible for the acquisition of energy (‘conservation’ - pessimum range). These 
physiological ranges and their transitions are critical from an ecological point of view as they 
imply moderate environmental stress compatible with long-term population persistence and 
extreme stress that can lead to population decline and extinction, respectively. Furthermore, the 
authors advocate the use of ‘energy-related biomarkers’ (bioenergetic markers herein), instead 
of common stress biomarkers (e.g. oxidative stress or heat shock protein expression), to 
distinguish between moderate and extreme stress. In this way, physiological stress effects are 
linked to the organism’s fitness and thus also to population-level consequences. Since FAs 
inform on membrane competency and nutritional status as was the case for P. littoralis, their 
value as potential bioenergetic markers will be explored in the next section.  
Normal function - optimum 
In order to survive and to maximize fitness, organisms must be able to balance their energy 
gains from the environment against their metabolic losses and to ensure an optimal allocation of 
surplus energy to somatic growth and to reproduction (Sokolova et al. 2012). Under optimal 
environmental conditions, the maximum aerobic scope is available for activity, growth, 
development, reproduction and storage (Sokolova et al. 2012). Although only an approximation 
of the optimal field conditions (section 7.2.2), the presence of several diatom species under an 
optimal temperature (15 °C) imposed the minimum level of stress (chapter 4), and theoretically 
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should have allowed copepods to function normally (Figure 7.5). Further support lies in the 
high reproductive output (nauplia abundance), the stable DHA/ EPA ratio and the small intra-
specific variability in membrane FA composition. 
Compensation - pejus 
Under low and moderate environmental stress, metabolic and ATP turnover become accelerated 
in order to compensate for the additional energy expenses of increased physiological activity, 
cellular maintenance and damage repair (DNA, proteins). Although these compensatory 
mechanisms are essential for survival, they are energy-costly and require high levels of 
metabolic power. The altered membrane FA content in P. littoralis, observed after cold and 
warm exposure, possibly reflecting adjustments in mitochondrial densities, may have provided 
this metabolic power and consequently, can be interpreted as a compensatory response.  
At the whole-organism level, physiological activity may increase, which includes escape 
behavior, acceleration of ventilation and oxygen uptake and stimulation of feeding (Sokolova et 
al. 2012). The availability of a mixed diatom diet possibly allowed heat-exposed copepods to 
adjust their feeding behavior by selective diatom consumption and thus, to maintain the 
reproductive output (chapter 4). Despite this successful response, the increased variability in 
DHA/ EPA ratio, in membrane FA composition and in storage FA content all suggested the 
presence of increased stress.  
In case of only one available food source with low FA content i.e. the diatom C. fusiformis, feeding 
adjustments are limited (chapter 4). Under these conditions, the energy flux was diverted from 
reproduction and growth towards maintenance and repair, with reduced storage levels and 
reproductive output as a final outcome. Three days of lack of food at 4 and 15 °C were sufficient 
to deplete the storage FA pool substantially (chapter 5).  
Conservation – pessimum 
In contrast to moderate stress, extreme stress often results in a general slow-down of activity 
and suppression of metabolic rate. Upon transition to pessimum range, the aerobic scope 
disappears and all available energy and metabolic activity is devoted to somatic maintenance, 
supporting time-limited survival of an organism (Sokolova et al. 2012). Initially, this transition is 
heralded by the onset of partial anaerobiosis to compensate for energy deficiency (Pörtner 
2002). In contrast to carbohydrates and amino acids that are oxidized both (an)aerobically, 
lipids are predominantly catabolized in aerobic pathways (Sokolova et al. 2012). Partial 
anaerobiosis may therefore explain the reduced depletion of storage FAs in heat-exposed 
copepods (chapter 5). If this metabolic shift appears insufficient, an organism can enter a 
metabolically arrested state which extends survival and stretches out available metabolizable 
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resources until environmental conditions improve (as simulated in chapter 6). It is especially 
common in animals from extreme environments such as intertidal zones of the oceans, 
ephemeral water bodies, low-oxygen zones or highly polluted biotopes (Sokolova et al. 2012). 
Metabolic arrest may underpin the ‘uncoupling’ of the storage FA content with mortality (section 
7.2.2), and explain why copepod survival remained high with increased starvation time under 4 
and 15 °C, despite the pronounced storage depletion in the first days of food absence. 
In summary, FA alterations in the harpacticoid copepods induced by combined food-
temperature stress seem to follow the transition from a normal, to a compensatory and 
eventually a conservatory physiological state, in line with the broader bioenergetic framework. 
At first sight, FAs seem to qualify as bioenergetic markers for harpacticoid copepods. However, 
additional measurements of oxygen consumption, ATP content, anaerobic end products, heat 
shock proteins and production of ROS species are required to verify the underlying processes, 
previously discussed. Furthermore, their use as indicators of environmental stress tolerance 
requires sufficient background information on natural FA ratios and ranges in the organism of 
interest. 
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Figure 7.5: The bioenergetic concept modified from Sokolova et al. (2012) and applied to the FA dynamics 
of P. littoralis along a stress gradient. Boxes represent experimental treatments/ responses, indicative of a 
normal, compensatory or conservatory physiological state 
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7.3. Recommendations and future research 
This doctoral thesis results from lab experiments, which are inherently linked with some 
shortcomings. The recommendations below are based on challenges encountered in this thesis 
during copepod collection, experimental set-up and FA analysis, and serve as a guideline for 
future research.  
 Whether the study organisms are laboratory-reared or rather field-caught possibly 
affects the outcomes of feeding experiments. The use of wild-type specimens is 
associated with uncertainty on their feeding history and thus, the physiological condition 
of the organism. In contrast, selection for rapid growth is strong in laboratory cultures, 
while behavioral traits such as aggregation in food patches or predator avoidance are 
likely to be lost, given enough time and plentiful food (Tiselius et al. 1995). Possibly, high 
food quantity and quality conditions in the lab may also result in the loss or modification 
of particular biochemical adaptations to fluctuating food regimes, over several 
generations. The observed responses may thus deviate from the natural responses that 
occur in the field.  
In this light, the field screenings of P. littoralis in the current work inform on the natural 
FA range and give a first indication on the harpacticoid’s physiological condition 
throughout different seasons. 
 Pre-incubation time of field-collected copepods, i.e. the time between field sampling 
and start of the experiment, should be kept to a minimum considering that this period 
imposes significant stress on the organisms, i.e. bulk storage FA depletion occurs within 
the first 3 days of famine (chapter 5). Moreover, specimens that are among the first 
hand-picked batches should be mixed with the last ones and assigned randomly to the 
different treatments. 
 In order to fully capture the impact of particular food sources on the FA profile of the 
copepod, incubation time of the treatments is typically around 10 days (Cnudde et al. 
2012; De Troch et al. 2012a). However, during this incubation time alterations in the 
biochemical composition of the food sources may occur. In particular, algal growth 
varies according to nutrients, temperature and light (Dalsgaard et al. 2003). 
Consequently, additional FA screenings of the diet during or after the experiment may be 
required (chapter 4). Alternatively, freeze-dried food (chapter 3) and daily 
replacement of frozen food (chapter 6) may provide means to keep biochemical 
alterations to a minimum. Nevertheless, other disadvantages may arise including altered 
palatability of the food source or increased stress during experimental handling. 
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 FA identity is indicated by the retention time but should be confirmed with the 
corresponding mass spectrum. Moreover, continuous effort should be invested in the 
identification of unknown peaks in order to expand the reference FA library. The 
Supelco 37 component FAME mix (#47885 - Sigma-Aldrich) provides a good starting 
point as reference material but it does not include all important trophic markers. For 
example, it lacks the dinoflagellate-indicator 18:4ω3 and the use of additional 
standards is therefore highly recommended. 
 Determination of synthesis capabilities requires a compromise between some degree of 
physiological shortage and FA pools of sufficient concentration, exceeding the detection 
limits for FA-SIA (chapter 6). This is especially the case for DHA as this FA is mainly 
part of the membrane FA pool and occurs only to smaller extent in the storage lipids. 
Therefore, it is recommended to target storage concentrations that are larger than 20 ng 
FA per P. littoralis individual.  
 Standardization of lipid (FA) concentrations in crustaceans is very diverse in literature 
and FA content is expressed per dry (Kolanowski et al. 2007) and wet (Makhutova et al. 
2011) weight, per individual (Caramujo et al. 2008) and per unit of carbon (Gladyshev et 
al. 2014). Although the latter requires additional biomass, and thus an increased effort 
during copepod picking, it allows comparison among species and trophic levels. 
Future opportunities 
1. Profound understanding of the physiological drivers behind the observed FA alterations 
requires molecular detail of the whole lipid species. These detailed analyses may 
reveal the regulated incorporation of dietary FAs to the different phospholipid head 
groups as a means to maintain critical membrane characteristics under varying 
nutritional quality (Martin et al. 2014). As noted earlier, this process possibly occurs 
under food limitation, as it would prolong membrane functionality, and thus survival, 
upon return of prosperous conditions.   
Increased resolution of the lipid composition is a first step towards a more profound 
understanding of lipid functioning, which can be highly species-specific. For example, 
Euphausia superba (krill) shows extensive storage of phosphatidylcholine which may 
serve as an energy source or function rather as a ‘structural store’, i.e. for the rapid 
synthesis of cell membranes during periods of enhanced growth (Kattner et al. 2007). To 
this purpose ‘thin layer chromatography’ followed by FA methylation and analysis has 
been successfully applied (Kostal and Simek 1998; Martin et al. 2014; Olsen et al. 2014). 
However, the minimum amount of sample required for reliable detection imposes a 
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serious bottleneck when working with small organisms, such as harpacticoids, and limits 
extensive experimental set-ups. 
2. Light micrograph and transmission electron micrograph sections, as presented in 
Lee et al. (2006), may reveal the function of ‘red droplets’ in the Antarctic harpacticoid 
A. potter by visualizing their presence in relation to other subcellular compounds such as 
mitochondria, mesenteric cells, reproductive organs and oocytes. Furthermore, the 
contribution of mitochondria to the altered bulk amount of membrane FAs, can be 
determined using mitochondria-specific dye and confocal microscopy, which allows 
counts and localization (Abele et al. 2002). 
3. MALDI (matrix-assisted laser desorption ionization) - mass spectrometry provides an 
alternative for ‘thin layer chromatography’ in 1. and may identify the tissue compounds 
responsible for the ARA, EPA and DHA synthesis (chapter 6). Currently, this technique 
allows investigation of lipids in specific tissues by generating mass-to-charge ratio 
images as a function of the X/Y grid location for the entire tissue sample (Harkewicz and 
Dennis 2011). However, information on the (sub)cellular location of the synthesized 
products e.g. the phospholipid head group with attached FAs located in the cytoplasmic 
membrane, nucleus, mitochondria or ER can be achieved using of ToF-SIMS (time-of-
flight secondary ion mass spectrometry) (Passarelli and Winograd 2011).  
4. Whether the observed membrane FA intra-specific variation truly reflects increased 
membrane instability (i.e. decreased order) may be further confirmed by fluorescence 
polarization measurements (Stillwell and Wassall 2003). Thereby, polarization of 
fluorescence emitted by the label (e.g. DPH - N’, N’-dimethylformamide) is directly 
related to membrane order (Williams and Somero 1996). 
5. The role of gut microbiota in de novo synthesis of essential FAs and their provision to 
the organism has been little investigated. Some marine bacteria synthesize DHA through 
an anaerobic pathway and have been suggested to inhabit the gastrointestinal tract of 
some fish and molluscs (Hulbert et al. 2014). PUFA-producing bacteria were also found 
in the gut of several Arctic invertebrates (Jøstensen and Landfald 1997). The relative 
contribution of microbiota-derived PUFA to the host organism is still unknown. 
6. This doctoral thesis exposed harpacticoid copepods to constant temperatures. However, 
under natural conditions, intertidal organisms experience fluctuating temperature 
regimes, i.e. seasonal and tidal temperature cycles. Although the organisms are likely 
able to cope with these changes through alterations in their membrane properties, the 
frequency of changes may be coupled with increased metabolic costs, leading to reduced 
storage levels and increased vulnerability to nutritional deficits. 
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7.4. General conclusion 
The polar and temperate harpacticoid copepods under study did not show strong differences in 
their amount of storage lipids. Rather, some lipid peculiarities emerged in polar species, being 
their PUFA-rich membranes and the diversity of ω7/9 LC-MUFA, although the latter occurred 
only in traces in comparison with their dominant occurrence in herbivorous, calanoid copepods. 
Whether the ω7 or ω9 pathway prevailed, or both rather equally, seemed to be species-specific 
and possibly reflected the consumption of distinct dietary FAs, and thus suggested the 
occupation of different trophic niches. However, to what extent these polar harpacticoids rely on 
their LC-MUFA as prime storage strategy during winter remains to be determined.  
The temperate harpacticoid P. littoralis exhibited FA adaptations to maintain membrane 
homeostasis under combined food - temperature stress. At the level of individual FAs, DHA was 
selectively retained in the membranes at the expense of EPA. Clearly, DHA appeared of higher 
‘essential value’, possibly reflecting non-limiting EPA levels in the natural diet, as can be 
expected for a diatom-grazer. Moreover, the harpacticoid was capable of synthesizing the 
essential FAs, ARA, EPA and DHA, from dietary precursors and fine-tuned their synthesis rates 
as required by the thermal regime. Membrane homeostasis and function was further 
safeguarded by the pool of storage FAs, as the latter may have provided structural FAs and 
metabolic power. Nonetheless, stress marked both membrane and storage FA pools profoundly, 
while subsequent recovery was severely hampered. Although the storage levels of P. littoralis 
fluctuate substantially under natural conditions, the degree of stress experienced by the 
harpacticoid in the field is likely much smaller compared to the lab-induced levels.   
Throughout this work, FAs were studied in association with membrane and storage lipids, 
providing a first strategy in the identification of biochemical adaptations to a particular 
environment. However, individual lipid species show a high diversity, not only in their molecular 
structure, but possibly also in their function. Therefore, increased lipid resolution, beyond the 
lipid bulk pools and their FA building blocks, is required and should encompass the different 
phospholipid classes and storage lipids (WEs, TAGs). In this light, the application of more 
advanced techniques (e.g. MALDI-MS, ToF-SIMS) in ecological studies will yield exciting insights, 
as it informs not only on the molecular species composition but also its location within a 
particular tissue. 
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Benthic	 copepods	 (Harpacticoida,	 Copepoda)	 are	 important	 conveyors	 of	omega-3	fatty	acids	from	algae	to	higher	trophic	levels	in	marine	benthic	food	webs.	This	PhD	research	focused	on	the	dynamics	of	their	fatty	acids,	and	how	these	 are	 affected	 by	 the	 variable	 food-temperature	 regime.	 The	 following	objectives	 were	 targeted	 (1)	 to	 compare	 the	 fatty	 acid	 characteristics	 of	harpacticoids	 from	 contrasting	 environments	 (polar	 versus	 temperate),	 and	(2)	 to	 investigate	 speci�ic	 mechanisms	 including	 fatty	 acid	 utilization	 and	retention,	accumulation	and	modi�ication,	that	shape	the	fatty	acid	pro�ile	of	a	temperate	 harpacticoid	 species	 and	 allow	 for	 successful	 exploitation	 of	 its	habitat.	 To	 this	 purpose,	 harpacticoids	were	 exposed	 to	 a	 plethora	 of	 diet-temperature	 conditions	 in	a	 laboratory	 setting.	Their	 structural	and	 storage	lipids	were	separately	screened	 for	the	 fatty	acid	composition,	and	 informed	on	the	copepods'	physiological	condition	and	energy	reserves,	respectively.	In	the	 general	 discussion,	 the	 �indings	 are	 integrated	 and	 interpreted	 in	 a	broader	physiological	and	ecological	context.	
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